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Chapter 1: General Introduction 
Corn ethanol is estimated to replace approximately 30% of petroleum consumption in 
the United States by 2030 (Perlack et al., 2005).  As the demand for corn derived biofuels 
increases, land conversion from rotational to continuous corn may become more economical 
to producers who will be able to harvest the grain for food and the stover for biofuels.  
However, continual removal of corn stover can hinder the long-term sustainability of the 
agroecosystem (Wilhelm et al., 2007).  Utilizing living mulches as perennial groundcover in 
the interrow of row crops can reduce soil erosion and water runoff, increase soil organic 
matter, improve soil structure and water infiltration, reduce surface temperature and soil 
water evaporation, and ultimately increase soil productivity, thus mitigating long-term 
negative effects associated with continual stover removal (Hall et al., 1984; Scott et al., 1987; 
Unger and Vigil, 1998; and Hartwig and Ammon, 2002).   
THESIS ORGANIZATION 
 This thesis is organized in journal manuscript form.  Chapter 1 is the general 
introduction and description of the thesis content.  Chapter 2 is a literature review of previous 
research related to living mulches (and cover crops) and their effects on corn.  Chapter 3 is a 
manuscript to be submitted to the Agronomy Journal documenting agronomic responses of 
living mulches in continuous corn with stover removal.  Chapter 4 is a manuscript assessing 
water usage between living mulches and continuous corn under specific tillage and herbicide 
treatments, which will also be submitted to a scientific journal.  Chapter 5 contains the 
general conclusions from this research.  References for the general introduction, literature 
review, manuscripts, and general conclusions are included in the chapter for each paper.  
2 
 
Following chapter 5 of this thesis are the acknowledgements and biographical sketch for the 
primary author. 
 Authors listed on the manuscripts include Dustin R. Wiggans, Jeremy W. Singer, 
Kenneth J. Moore, and Kendall R. Lamkey.  Mr. Wiggans collected and analyzed the data, 
and wrote the manuscripts.  Drs. Jeremy W. Singer and Kenneth J. Moore served as co-major 
professors to Mr. Wiggans and provided oversight and input into research, analysis, and 
writing.  Dr. Kendall Lamkey served as a program of study committee member.   
REFERENCES 
Hall, J.K, N.L. Hartwig, and L.D. Hoffman. 1984. Cyanazine losses in runoff from no-tillage 
corn in “living” an dead mulches vs. unmulched, conventional tillage.  J. Environ. 
Qual. 13:105-110. 
Hartwig, N.L., and H.U Ammon. 2002. Cover crops and living mulches.  Weed Sci. 50:688-
699. 
Perlack, R.D., L.L. Wright, A.F. Turhollow, R.L. Graham, B.J. Stokes, and D.C. Erback. 
2005. Biomass as feedstock for a bioenergy and bioproducts industry: the technical 
feasibility of a billon-ton annual supply. USDA-DOE.  ORNL/TM-2006/66.   
Scott, T.W., J. Mt. Pleasant, R.F. Burt, and D.J. Otis. 1987. Contributions of ground cover, 
dry matter, and nitrogen from intercrops and cover crops in a corn polyculture 
system.  Agron. J. 79:792-798. 
Unger, P.W., and M. F. Vigil. 1998. Cover crop effects on soil water relationships.  J. Soil 
Water Cons. 53(3) 200-207. 
Wilhelm, W.W., J.M.F. Johnson, D.L. Karlen, and D.T. Lightle. 2007. Corn stover to sustain 
soil organic carbon further constrains biomass supply. Agron. J. 99:1665-1667. 
3 
 
Chapter 2: Literature Review 
INTRODUCTION 
As the demand for corn derived biofuels increases, producers may begin harvesting 
corn stover as a viable source for biomass.  Harvesting stover allows the producer to harvest 
the grain for food and the stover for biofuel production.  Perlack et al. (2005) estimate corn 
derived biofuels could replace approximately 30% of petroleum consumption in the United 
States by 2030, with most of the available biomass coming from corn stover. 
 Stover is necessary to retain soil organic carbon, which directly enhances overall soil 
properties.  Estimates of 5.25 to 7.58 Mg ha
-1
 yr
-1
 of soil carbon are needed to maintain 
favorable soil properties in continuous corn systems without reducing soil organic matter and 
productivity (Wilhelm et al., 2007).  Furthermore, continual removal of corn stover can 
hinder sustainability of the agroecosystem by removing soil carbon and soil organic matter, 
decreasing soil productivity, decreasing soil moisture content, and increasing the potential for 
water and wind erosion (Mann et al., 2002; Nelson, 2002).  Living mulches show potential in 
minimizing these effects.  Development of cropping systems that expand biomass production 
without undermining crop and soil productivity must be pursued if demands for food and fuel 
continue to increase (Wilhelm et al., 2007).   
BENEFITS OF LIVING MULCHES (AND COVER CROPS) 
 Using cover crops and living mulches within current farming practices provides 
producers an alternative to leaving land fallow during the winter season and non-harvesting 
years.  Cover crops are living groundcover planted into or after a main crop and then are 
commonly killed before the next cropping season.  Living mulches are planted in conjunction 
with the main crop and maintained as living groundcover throughout the growing season 
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(Hartwig and Ammon, 2002).  Coupled with current agronomic practices, cover crops and 
living mulches have numerous benefits including reducing soil erosion, increasing soil 
organic matter, improving soil structure and water infiltration, decreasing water and 
subsequent amendment runoff, reducing surface temperature and water evaporation, weed 
suppression, and ultimately increasing soil productivity (Doran et al., 1984; Hall et al., 1984; 
Hudson, 1994; Atech and Doll, 1996; Unger and Vigil, 1998; Hartwig and Ammon, 2002).   
 Agnew and Carrow (1985) suggest using perennial plants such as Kentucky bluegrass 
(Poa pratensis L.) and creeping red fescue (Festuca rubra L.) can indirectly benefit corn 
production systems by suppressing weeds and minimizing herbicide applications.  
Additionally, legume perennials such as white clover (Trifolium repens L.) fix nitrogen to be 
used by succeeding crops that have high nitrogen requirements such as corn (Zea mays L.) 
(Bissuel-Belaye et al., 2002).  However, Duiker and Hartwig (2004) contend for maximum 
corn yields nitrogen fertilizer rates cannot be reduced due to the presence of legume mulches.  
As nitrogen rates increase, nitrogen contribution of the legume to corn gradually decreases to 
zero instead of adding to symbiotically fixed nitrogen.  As this occurs, fertilizer nitrogen 
starts to replace symbiotically fixed nitrogen indicating that nitrogen fixing living mulch 
species can cause deficits to plant available nitrogen if fertilizer applications are not 
continued as normal (Duiker and Hartwig, 2004).   
Villamil et al. (2006) determined winter cover crops such as cereal rye (Secale 
cereale L.) and hairy vetch (Vicia villosa Roth) provided beneficial soil chemical and 
physical characteristics when implemented within a corn-soybean rotation, and concluded 
these benefits extend deeper into the soil profile than previously considered.  Soil organic 
matter increased to a depth of 30 cm, water-aggregate stability increased in all rotations up to 
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17%, a 7% reduction in bulk density of the upper 5 cm, and reduced penetration resistance of 
the soil surface, therefore, increasing total porosity and plant available water. 
COMPETITION AND MANAGEMENT 
The ideal living mulch would become dormant during the peak-growing phase of the 
primary crop, thus minimizing competition.  The intention is to establish the living mulch so 
it may provide groundcover during the part of the season when corn (or other primary crops) 
are not actively growing, thus, recycling nutrients, minimizing water runoff, reducing wind 
erosion, increasing water infiltration, and providing many other beneficial functions (Frye 
and Blevins, 1989; Wyland et al., 1996; Zemenchik et al., 2000; Hartwig and Ammon, 2002; 
Sawyer et al., 2010).   
Additionally, cover crops and living mulches must be killed or suppressed to limit 
their competition.  Broome et al. (2000) found that warm-season perennial species could be 
planted as living mulches in no-till corn production systems if controlled by a combination of 
pre- and post-herbicide applications and used with transgenic hybrids.  However, results were 
disconcerting depending on the rates and types of herbicides applied.  If rates were applied 
too high, crop yields were reduced and crop injury was more pronounced. 
 A concern when using living mulches is the impact they can have on yields of the 
primary crops.  Martin et al. (1999) conducted a study to determine the impact living 
mulches may have on corn.  Their objective was to assess the development and yield of corn, 
and the composition and weight of living mulches when corn was growing in a grass/clover 
living mulch system with reduced tillage.  Plots received no mulch suppression, tillage, 
herbicide treatment, a control treatment that was conventionally tilled and no living mulch, or 
tillage and herbicide treatment.  Results indicated the best yields occurred in the control, and 
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the tillage and herbicide treated plots.  When only one method of suppression was utilized, 
corn yields were reduced by 39-72% compared to the control plots.  They determined living 
mulches have the tendency to reduce corn yields when not properly controlled either by 
completely eradicating the mulch before planting or minimizing their growth throughout the 
season by mechanical tillage and/or herbicide applications. 
 In a perfect scenario there would be little to no reduction in the primary crop when 
seeded with a living mulch.  Zemenchik et al. (2000) conducted a study to determine if this 
was the case when planting corn into kura clover (Trifolium ambiguum M. Bieb.).  The 
purpose of their study was to determine if kura clover could be suppressed prior to corn 
planting, and then return to a viable stand without replanting after corn harvest.  They 
concluded that with adequate suppression, kura clover could be managed as a living mulch in 
corn with little or no corn whole plant or grain yield reduction, and the clover recovered to 
full production within 12 months without replanting.  Additionally, suppressing kura clover 
before planting allowed nitrogenous portions of roots, rhizomes, petioles, and leaf matter to 
be mineralized and provide inorganic nitrogen and other nutrients to corn.   
 Their results indicated corn grain yield in 1996 ranged from 8.6 to 10.4 Mg ha
-1
 and 
was not different among the treatments.  In 1997, corn grain yield ranged from 7.2 to 11.1 
Mg ha
-1
 and was greatest in treatments where kura clover was completely killed and least 
where kura clover was only suppressed and without supplemental N fertilizer.  Additionally, 
corn growth was limited in the 1997 planting season due to cooler than normal temperatures, 
and this resulted in kura clover recovering from the herbicide applications.  The cool 
conditions enabled kura clover, a C3 species, to become more robust and compete for 
nutrients compared to corn, a C4 species.  Sawyer et al. (2010) reported similar reduction in 
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corn yields when kura clover was not properly suppressed.  By not accumulating a minimum 
number of growing degree units, kura clover was able to impede corn seedling development, 
delay physiological maturity, and reduce corn populations, which ultimately reduced corn 
yield. 
 Zemenchik et al. (2000) determined kura clover living mulch systems could be 
largely self-sufficient, leave less opportunity for weed invasion, result in year-round 
groundcover, require less tillage, and reduce soil erosion.  Similar results have been reported 
by Affeldt et al. (2004).  However, to maintain profitability, close monitoring and 
suppression of kura clover must be maintained.  Corn emergence can be delayed by the use 
of living mulches, therefore, if the living mulch is not fully suppressed, the primary crop may 
have reduced yields due to competition for nutrients, light, or water. 
WEED COMPETITION AND MANAGEMENT 
 Weeds have a major impact on crops when competing for resources, and living 
mulches may be considered as weeds unless their competition is minimized.  However, the 
selection of an appropriate living mulch can drastically reduce the impact weeds may cause 
on crop development and yields.  Adding a living mulch species, subsequent herbicide 
applications for weed control can be dramatically reduced due to the suppressive nature of 
living mulches.  Hall et al. (1992) determined the critical period for corn development 
(Ontario, Canada) occurred between the 3- to 14-leaf stages, when fall moldboard plowed.  
They further suggested weed interference reduced corn leaf area, increased senescence of 
lower leaves, reduced the availability of photosynthetically active radiation, and depleted soil 
moisture.  Similar results were reported by Halford et al. (2001; Ontario, Canada) who 
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determined the start of the critical period for weed control in corn under no-till began by the 
six-leaf stage and ended between the 9- to 13-leaf stage.   
 Ideally, when planted in conjunction with row crops, living mulches would limit 
weed growth and development during the growing season and over the winter months 
(Enache and Ilnicki, 1990).  During the growing season living mulches would occupy 
opportunity spaces with groundcover in the interrows of the row crop, thus reducing the 
ability for weeds to develop and mature.  However, producers may possibly view living 
mulches as weeds and subsequent sources for competition, thus may become discouraged 
from using them within their current cropping systems unless appropriate management 
recommendations are developed. 
 Echtenkamp and Moomaw (1989) indicated two advantages of using living mulches: 
reduced soil erosion and increased weed control.  However, they determined that a living 
mulch may compete with the primary crop for soil water and nutrients, which is a potential 
disadvantage of using living mulches in this type of agronomic system. Using multiple 
species as living mulches and variable applications of herbicides, they conducted a study in 
1986 – 1987 to evaluate the timing and method of establishing grass and legume cover crops 
in field corn, and to evaluate the effect of established mulches on weed control and yield of 
no-till corn the second year.   
 The greatest yield in 1986 was 6100 kg ha
-1
 in a vetch living mulch and fluazifop - P 
+ 2, 4 - D at 0.2 + 0.6 kg ha
-1
 broadcasted over the plot, and the lowest yield of 5200 kg ha
-1
 
in rye + oat + vetch and flauzifop - P + 2, 4 - D at 0.2 + 0.6 kg ha
-1
 broadcast over the plot.  
In 1987, the highest yield was 6800 kg ha
-1
 in no mulch-disk tilled corn with metolachlor + 
cyanazine + atrazine at 2.2 + 1.4 + 0.7 kg ha
-1
 broadcast at planting, and with glyphosate + 2, 
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4 - D at 0.6 + 0.6 kg ha
-1
 applied to remove existing weeds in no-till plots, and with oat and 
vetch plots broadcasted with flauzifop - P + 2, 4 - D at 0.2 + 0.6 kg ha
-1
.  The lowest yield 
was rye + oat + vetch and flauzifop - P + 2, 4 - D at 0.2 + 0.6 kg ha
-1
 broadcasted over the 
plot.  They determined the combination of oat, rye, and vetch were extremely competitive 
with corn and had some resistance to the herbicides, and ultimately reduced yields by the 
greatest amount.  They concluded that these species, if not adequately suppressed, can 
severely compete with corn, therefore, should not be used as a living mulch in row cropping 
systems.   
 Similar results were reported by Johnson et al. (1993) who used cover crops as soil 
covers in corn.  Cover crops are similar to living mulches and provide similar benefits, 
however, they differ in their timing for competition with the main row crop.  Cover crops are 
planted in the fall after harvest of the row crop, and then commonly killed before planting the 
next spring.  Johnson et al. (1993) used fall-planted winter rye, fall-planted hairy vetch, and 
soybean stubble from the previous year, accompanied with tillage, mowing, and herbicide 
treatments as methods for controlling cover crops.  Their results indicated that combining 
cover crops with management techniques provided better overall corn yields and suppressed 
weeds the most.  Mohler (1991) and Yenish et al. (1996) reported similar findings using 
living mulches in corn cropping systems, and Scott et al. (1987) had comparable yields when 
incorporating intercrops and cover crops, and sidedressing nitrogen at different rates.   
SOIL WATER 
Frye et al. (1988) suggested the net effect of cover crops (and possibly living 
mulches) on soil water conditions for the next crop depends on precipitation timing and 
amount, water infiltration and evaporation, and transpiration by the cover crop.  Unger and 
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Vigil (1998) concluded cover crops, when managed appropriately, can positively improve 
infiltration and decrease evaporation, and ultimately increase soil moisture content and plant 
available water in humid and sub-humid climates.  Hudson (l994) found a linear relationship 
between increased soil organic matter and increased soil water holding capacity. 
Tillage can also affect the amount of soil water available for row crop use.  Living 
mulches must be managed to limit their competition with row crops for available water.  Hill 
et al. (1985) monitored soil water retention and pore size distribution on two mollisols under 
different tillage practices.  They concluded reduced tilled soils generally retained 
significantly more water than conventionally tilled soils, and further implied conventionally 
tilled soils should drain more rapidly than conservation tilled soils, and therefore, 
conservation tilled soils should retain more plant available water.   
Eberlein et al. (1992) reported reduced or no tillage living mulch systems for corn 
production after alfalfa have the potential to reduce soil erosion and water pollution, 
however, available soil water was possibly the most limiting factor.  Corn grain yields were 
reduced by 63% under no alfalfa suppression and irrigation, and reduced 96% under no 
alfalfa suppression and no-irrigation.  They further stated cropping systems that combine 
living mulches and corn may be too risky without irrigation in the upper Midwest, and to 
succeed must have a fully recharged soil profile at the beginning of the season. 
Living mulches can decrease soil evaporation by providing ground coverage when 
corn is not planted and until the corn develops a full canopy.  This subsequently retains soil 
moisture in the upper profile and provides an immediate source for plant available water.  
Tolk et al. (1999) determined an increase in corn water use efficiency was a direct result of 
soil water being used for crop development rather than evaporation.  Bare soil was covered 
11 
 
with 4 Mg ha
-1
 of flat wheat (Triticum aestivum L.) straw and coconut (Cocus nucifera L.) 
fibers and infrequently irrigated.  Grain yield increased 17%, aboveground biomass increased 
19%, and grain water use efficiency increased 14% compared to a bare soil control.   
Liedgens et al. (2004a) did not report beneficial or increased yields when using living 
mulches.  Corn was planted into lysimeters (1.0 m
2
 surface area and 1.1 m deep) placed 
outdoors with a conventionally tilled bare soil, or a recently harvested Italian ryegrass 
(Lolium multiflorum Lam.) tilled to a depth of 0.05 m in 1994 – 1996 in Lindau, Switzerland.  
Herbicide (Primafit A ®) was used to suppress re-growth of the Italian ryegrass and for weed 
control.  They reported a 72% decrease in grain yield and 78% decrease in biomass 
production when using ryegrass as a living mulch in corn.  Additionally, they determined the 
root structure and density of the ryegrass severely limited the development of corn roots and 
thus limited the supply of nutrients and water. 
NITRATE LEACHING 
Living mulches may compete for available nitrogen if not properly managed through 
herbicide applications, tillage, or a combination of the two practices.   Bissuel-Belaye et al. 
(2002) have recommended using nitrogen fixing legumes as living mulches as a way to 
supplement nitrogen and decrease nitrogen applications throughout the growing season.  
However, there is potential risk of under utilizing the applied nitrogen by either species, and 
the nitrate leaching from the system.  Wyland et al. (1996) reported greater benefits at 
reducing nitrate leaching with cover crops phacelia (Phacelia tanacetifolia cv. „Phaci‟) and 
Merced rye (Secale cereal cv. „Merced‟) planted in between rows of broccoli.  Nitrate 
leaching was reduced by 65 – 70% from cover crop plots compared to fallow control plots 
during the winter.  They concluded that plant roots in the upper layers of soil absorbed the 
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nitrate and water that would have eventually leached from the soil profile.  Recently, Ochsner 
et al. (2010) reported 31 to 74% reduction in nitrate leaching using kura clover as a living 
mulch in corn compared to a no kura control with 90 and 0 kg N ha
-1
 applied annually.   
CONCLUSIONS 
Cropping systems that utilize living mulches to minimize long-term sustainability 
concerns must also minimize competition for nutrients, light, and water with the primary row 
crop.  A cropping system will benefit using herbicide and tillage, or a combination, 
applications to accomplish this feat.  Furthermore, selection of an appropriate living mulch is 
critical when planting into corn cropping systems.  If the incorrect species is selected, it can 
limit the growth of the primary crop by out competing it for nutrients, light, and water.   
As the demand for biofuels increases, the practice of mono-cropping agriculture 
systems (especially for corn grain and stover) increases proportionately.  Living mulches 
may provide alternatives in limiting the effects mono-cropping systems can have on the soil 
and the environment.  Soil erosion, water and nutrient runoff, and loss of organic matter must 
be minimized, while crop yields maximized.  Additionally,  as this transition to mono-
cropping continues, plant breeders, soil scientists, agronomists, and producers must work 
hand-in-hand in conducting further research to determine specific traits in corn and determine 
the appropriate agronomic practices that allow producers to use living mulches as sources for 
soil and environmental stewardship, while producing enough yield for food, fuel, and profit. 
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Chapter 3: Agronomic Response of Living Mulches in Continuous Corn 
with Stover Removal 
 
A paper to be submitted to Agronomy Journal 
 
 Dustin R. Wiggans, Jeremy W. Singer, Kenneth J. Moore, and Kendall R. Lamkey 
 
ABSTRACT 
Corn stover provides producers a potential additional market for selling biomass for biomass 
production.  However, corn stover returns nutrients to the soil, decreases soil erosion, and 
helps maintain soil properties.  Long term stover removal has been determined to cause 
detrimental environmental effects (Wilhelm et al., 1986; Mann et al., 2002; Nelson, 2002).  
Perennial groundcovers or living mulches grow simultaneously with the main row crop and 
are maintained as living groundcover throughout the growing season.  Groundcovers grown 
in the interrow of row crops may provide beneficial functions such as weed suppression, 
water infiltration, nutrient cycling, and carbon inputs, but should not disrupt corn 
development and productivity.  The objective of this research was to evaluate management 
systems including living mulches grown in continuous corn with stover removal.  Corn was 
planted into three perennial groundcovers: creeping red fescue (CF) (Festuca rubra L.), 
Kentucky bluegrass (KB) (Poa pratensis L.), and a mixture of creeping red fescue and white 
clover (MX) (Trifolium repens L.) in 2008 and 2009 near Ames, IA.  Management treatments 
were fall strip tillage (ST) and no-tillage (NT), accompanied with either a pre-planting 
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paraquat burn-down followed by two post-planting glyphosate applications (PQ), or a pre-
planting glyphosate band followed by two post-planting glyphosate applications (RU).  Grain 
yields ranged from 5620 (MX RU ST) to 11339 (KB PQ ST) kg ha
-1
 in 2008, and 7611 (CF 
RU NT) to 12768 (KB PQ NT) kg ha
-1
 in 2009.  Kentucky bluegrass PQ ST produced similar 
yields compared to the control in 2008, and all treatments were similar to the control in 2009, 
except CF RU NT.  Kentucky bluegrass PQ ST produced the greatest stover dry matter (DM) 
(6883 kg ha
-1
) in 2008, and KB PQ NT produced the most in 2009 (10862 kg ha
-1
), excluding 
the control.   In both years the herbicide significantly affected grain yield and stover DM 
with PQ producing better yields than RU (except in the MX stover DM treatments in 2008).  
Tillage did not have similar effects.  Kentucky bluegrass, paraquat herbicide, and either no-
tillage or strip-tillage provide the most consistent response across these growing seasons and 
showed the greatest potential to implementing living mulches in corn bioenergy cropping 
systems. 
INTRODUCTION 
As the demand for corn derived biofuels increases, converting land from rotational to 
mono-cropping systems may be more appealing to producers who harvest corn stover as a 
potential biomass source.  Harvesting stover allows the producer to harvest the grain for food 
and the stover for biofuel production.  Perlack et al. (2005) estimate corn ethanol could 
replace approximately 30% of petroleum consumption in the United States by 2030, with 
most of the available biomass coming from corn stover.  
 Continual removal of corn stover can hinder sustainability of the agroecosystem by 
removing soil carbon and soil organic matter, decreasing soil productivity and soil moisture 
content, and increasing the potential for water and wind erosion.   Wilhelm et al. (2007) 
19 
 
emphasize removing stover on a continual basis can severely deplete soil carbon, which 
ultimately influences overall soil productivity, structure, and fertility.  Furthermore, they 
estimate 5.25 to 7.58 Mg ha
-1
 yr
-1
 of stover must remain in the field to minimize such losses 
and to maintain current yield expectations in continuous corn systems. 
 Utilizing a perennial groundcover within current rotational farming practices may  
provide an alternative to planting cover crops after harvesting summer annual crops.  Living 
mulches may fill this niche when planted in conjunction with the main crop and maintained 
as perennial groundcover throughout the growing season (Hartwig and Ammon, 2002).  
Additionally, living mulches (as perennial groundcover) generate numerous agroecosystem 
benefits including reducing soil erosion, increasing soil organic matter, improving soil 
structure and water infiltration, decreasing water runoff, reducing surface temperature and 
soil water evaporation, and ultimately increasing soil productivity (Hall et al., 1984; Scott et 
al., 1987; Unger and Vigil, 1998; and Hartwig and Ammon, 2002). 
 An ideal living mulch will become dormant when corn is actively growing, thus 
minimizing competition for nutrients, sunlight, and water (Zemenchik et al., 2000; and 
Hartwig and Ammon, 2002), and should be manageable with current agronomic practices.  
Broome et al. (2000) determined warm-season grass species could be used as a living mulch 
in no-till transgenic corn systems if managed with pre- and post-herbicide applications.  
However, yields were reduced and crop injury was more pronounced depending on the rates 
and types of herbicides applied.  Other studies suggest using a combination of herbicide 
applications and mechanical tillage to control perennial groundcovers and maintain 
competitive corn yields (Johnson et al., 1993; Yenish et al., 1996; Martin et al., 1999; and 
Broome et al., 2000).  Agnew and Carrow (1985) suggest using perennial plants such as 
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Kentucky bluegrass and creeping red fescue can indirectly benefit corn production systems 
by suppressing weeds and minimizing herbicide applications.  Additionally, legume 
perennials such as white clover fix nitrogen that may be used by succeeding crops (Bissuel-
Belaya et al., 2002).  Our objectives for this study were to evaluate methods for establishing 
corn under three living mulch groundcovers, and to determine the relative competitiveness of 
groundcover species under varying levels of suppression. 
MATERIALS AND METHODS 
Field research was conducted in 2008 and 2009 on the Iowa State University 
Agronomy and Agricultural Engineering Sorenson Research Farm near Ames, IA (420.7 N, 
9346 W) on a Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) soil.  The 
research area was previously in a corn-soybean rotation.  Soybean was mowed with a rotary 
cutter on 25 July 2006.  Plots were disked 31 July 2006 and 08 Aug 2006, then field 
cultivated on 15 Aug 2006 with a three-bar field cultivator containing 17 cm sweeps and a 
three-bar harrow attachment to a depth of 8 cm.  Living mulch species were drilled 21 Aug 
2006 in ten 20 cm wide rows with double disk openers and 5-cm wide press wheels, then 
rolled with a 2.1 m wide pulverizer/packer with 52 cm notched ductile iron roller wheels.  
Kentucky bluegrass and creeping red fescue were seeded at 49 and 56 kg ha
-1
, respectively.  
Additionally, a white clover + creeping red fescue mixture was seeded at a combined rate of 
2 and 28 kg ha
-1
, respectively.  Corn was planted 14 May 2007 in five 0.76 m rows at 81510 
seeds ha
-1
 to establish a history of continuous corn.  Soil test levels in the surface 20 cm 
measured 21.8 mg kg
-1
 P and 156 mg kg
-1
 K using Mehlich-3, pH of 6.6, and 48 g kg
-1
 
organic matter (OM) in 2006.   
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The experimental design was an unbalanced randomized complete block in a split-
plot treatment arrangement with four replicates.  Whole plots, 15.2 m wide by 22.9 m long, 
consisted of three living mulch species: creeping red fescue (CF), Kentucky bluegrass (KB), 
and a creeping red fescue + white clover mixture (MX).  Subplots, 3.8 m wide by 22.9 m 
long, included (i) fall strip-till with a pre-planting 25 cm glyphosate band over the row (RU 
ST), (ii) fall strip-till with a pre-emergent paraquat burn down (PQ ST), (iii) no-till with a 
pre-planting 25 cm glyphosate band over the row (RU NT), and (iv) no-till with a pre-
emergent paraquat burn down (PQ NT).   Control plots were the same size as subplots but 
randomized as whole plots, and were maintained weed free with no-till and glyphosate 
broadcasted over the plot.  Glyphosate [N - (phosphonomethyl) glycine] (Roundup 
WeatherMAX, Monsanto, St. Louis, MO) was applied at a rate of 1.0 kg a.i. ha
-1
 in a 25 cm 
band directly over the existing corn row.  Paraquat dichloride [1, 1‟-dimethly-4, 4‟-
bipyridinium dichloride] (Gramoxone Inteon, Syngenta Crop Protection, Inc., Greensboro, 
NC) was broadcast over the plot at a rate of 0.84 kg a.i. ha
-1
.   Glyphosate was applied twice 
in the paraquat treatments and three times in the glyphosate only treatments each season.  All 
plots received post-planting glyphosate 25 cm bands over the corn row on 19 and 30 June 
2008, and 22 May, and 12 June 2009 to suppress re-growth of groundcover species and for 
weed control. 
Strip tillage (17 Nov 2007 and 05 Nov 2008) was performed using a five-row 
commercial strip tillage machine containing a 50 cm diameter smooth coulter operating 
directly in front of 43 cm long mounted shanks.  The terminal points of the shanks were 4.5 
cm wide mole knives.  A pair of 40 cm notched sealer disks followed behind the mole 
knives, performing a minor hilling effect with the disturbed soil.  The resulting strip till zone 
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for each row was 25 cm wide, 20 to 25 cm deep, and displayed a variable soil mound of 0 to 
10 cm in height.  „Pioneer Brand 34A20‟ corn hybrid was planted on 16 May 2008 and 05 
May 2009 at 86450 seeds ha
-1
 in five 0.76 m rows at a target seeding depth of 5.1 cm.  A 
fertilizer point-injector (Baker et al., 1989; and Vetsch and Randall, 2000) was used to 
sidedress 202 and 168 kg nitrogen (N) as urea ammonium nitrate (UAN) on 19 June 2008 
and 04 June 2009, respectively.  In 2009, an additional 39 kg of UAN were applied at 
planting with a planter-disk opener.  Soil fertility amendments were applied 25 Nov 2008 and 
16 Nov 2009 by applying diammonium phosphate + potash at a rate of 19-39-223 (N-P-K) 
kg ha
-1
 with a coulter-knife injector to ensure nutrient sufficiency.  Annually seven soil cores 
were collected in the surface 20 cm from each control plot and a composite sample was 
processed to verify nutrient sufficiency. 
Corn phenology was determined in all subplots from emergence to maturity utilizing 
procedures by Ritchie et al. (1996).  Six plants per subplot, three in row two and three in row 
four, were marked and staged weekly to determine growth stage.  Phenology during 
reproductive growth was assessed by peeling back the husks of the marked plants and 
removing 10 to 15 kernels per ear.  Husks were then returned to the normal position to 
minimize environmental effects on the exposed ear.  Leaf area index (LAI) was measured 
with a LAI-2000 Plant Canopy Analyzer (LI-COR, Inc., Lincoln, NE) at V6, V12, R1, and 
R3 in all plots in 2008 and 2009.  Corn leaf area was determined by collecting one 
measurement above the corn canopy and four measurements diagonally across a non-
trafficked interior-row below the corn canopy.  Weed density and composition were 
determined in each subplot (excluding the control) at R2 in a 0.76 m
2
 area on 29 Jul 2008 and 
11 Aug 2009.  Corn harvest plant population was determined in each subplot by counting all 
23 
 
plants in 7.6 m of the three middle rows (18 Sep 2008 and 09 Sep 2009).  Total groundcover 
percentages (G Tot) were determined by taking two (0.67 m long by 0.76 m wide) digital 
photographs at an approximate height of 1.4 m in each subplot immediately after fall strip 
tillage.  Taking images at this height provided a 1.0 m
-2
 area to determine total groundcover.  
In 2008 no digital photographs were taken in the control plots.   Each photograph was placed 
onto a 100-point grid to estimate percent total groundcover. 
At R6, corn above ground dry matter (DM) was sampled from 1.0 m
2
 in each subplot 
on 25 Oct 2008 and 16 Oct 2009.  Plant material was harvested above the brace roots.  Grain 
was separated from the stover to determine grain yield, harvest index (HI), 1000-kernel 
weight (TKW), kernel density, and grain total N content.  Harvest index was calculated as the 
ratio of dry grain weight to total shoot dry weight.  Grain yield was adjusted to 155 g kg
-1
 
moisture content for all subplots.  Grain mass for TKW is presented on a dry matter basis 
(ASAE S352.2, 2008).  A 50 mg grain subsample was ground (Bosch Nutrimill Grain Mill) 
to pass through a 1-mm screen and analyzed for total N content using flash combustion and a 
thermal conductivity detector on a gas chromatograph (GC) column. 
Stover was dried in a forced-air oven at 70C until constant weight to determine DM, 
then hammer-milled.  A subsample was collected and ground to pass through a 1-mm screen 
using a Thomas
®
 Model 4 Wiley
®
 mill (Thomas Scientific, Swedesboro, NJ) and a direct-
drive cyclone sample mill (Model 3010-014, UDY Corporation, Fort Collins, CO) to be 
analyzed for total N, P (phosphorus), and K (potassium) content.  Total N content was 
measured using flash combustion and a thermal conductivity detector on a GC column.  
Phosphorus and K were analyzed using an inductively coupled plasma-optical emission 
spectrometer (ICP-OES) after wet acid tissue digestion with 3 ml H2SO4 and dilution to 50 
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ml using DI water.  Corn grain and stover total N, P, and K uptake were calculated as the 
product of whole plant N, P, and K concentration and whole plant DM. 
Corn stalk segments were collected for basal stalk nitrate (BSN, NO3-N) 
determination from the shoot sample at harvest (Blackmer and Mallarino, 1996).  Stalk 
segments 0.20 m in length were collected 0.15 m above the soil surface in each subplot, dried 
at 60C for 5 d, ground to pass through a 1-mm screen, and analyzed for NO3-N by leaching 
0.25 g of ground sample with 50 mL of 2 M KCL solution, creating a 200-fold dilution.  
Nitrate concentration in the leachate was determined using a Lachat autoanalyzer (Lachat 
Instruments, Milwaukee, WI; Method 12-107-04-1-B). 
A self-propelled silage chopper was used to collect above ground plant material from 
the middle three rows of each subplot on 28 Oct 2008 and 19 Oct 2009 leaving 
approximately 8 cm corn stubble height.  Samples were collected in a weigh wagon, 
weighed, and approximately a 1-kg subsample was collected from each subplot, placed in a 
forced-air oven at 105C until constant weight, and re-weighed to determine whole plant 
moisture content. 
 Living mulch groundcover shoot (G) DM was collected after machine harvest on 30 
Oct 2008 and 26 Oct 2009.  All groundcover shoot material was clipped at the soil surface in 
two 0.38 m
2
 areas and composited in all groundcover subplots.  Shoot DM was dried at 70C 
until constant weight, and ground to pass through a 1-mm screen using a Thomas
®
 Model 4 
Wiley
®
 mill and a direct-drive cyclone sample mill to be analyzed for total N, P, and K 
content.  Nitrogen concentration was measured using flash combustion and a thermal 
conductivity detector on a GC column.  Total P and K were analyzed using an ICP-OES after 
wet acid tissue digestion with 3 ml H2SO4 and dilution to 50 ml using DI water.  
25 
 
Groundcover whole plant N, P, and K uptake were calculated as the product of whole plant 
N, P, and K concentration and whole plant DM.  Daily rainfall and mean air temperature 
were downloaded from the Iowa Environmental Mesonet NWS COOP 8WSW weather 
station located approximately 2 km from the research site. 
Data were analyzed using PROC MIXED of the Statistical Analysis System Version 
9.1 (SAS Inc., 2004).    Due to the unbalanced design, data were analyzed two ways.  First, 
data were analyzed by comparing whole plots and their treatment results to other whole plots 
with block, groundcover, tillage, and herbicide as fixed effects, and the block x groundcover 
interaction as the random variable.  Degrees of freedom were adjusted using the Satterthwaite 
approximation, and P-values were adjusted utilizing Tukey‟s probability adjustments.  This 
analysis did not compare the treatments and their individual effects to the control.  Therefore, 
further analysis to determine treatment effects used PROC MIIXED to compare the control 
to all treatment combinations.  All herbicide and tillage treatments were assigned specific 
identities to determine the significance of the groundcover x treatment interactions compared 
to the control at the subplot level.  For example, treatment 1 consisted of PQ NT applications 
and treatment 3 was RU NT.  Assigning specific identities to each treatment factor (NT = 1, 
PQ = 1, ST = 2, and RU = 2), allowed data to be compared to the control at the treatment 
interaction level.  Block, groundcover, and treatment were fixed effects, and block x 
groundcover the random effect.  Degrees of freedom were adjusted using Satterthwaite 
approximation, P-values were adjusted utilizing Tukey‟s probability adjustments, and effects 
were considered significant if P-values were ≤ 0.05. 
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RESULTS AND DISCUSSION 
Grain Yield 
Above average winter snowfall and early season rainfall in 2008 delayed planting and 
herbicide treatments for two-to-three weeks (Table 1).  Groundcover, herbicide, tillage x 
herbicide, and the groundcover x treatment interaction significantly affected corn yield in 
2008 (Table 2).  Only the groundcover x treatment interaction significantly affected yield 
compared to the control in 2009.  The difference in 2008 compared to 2009 is largely due to 
the delayed herbicide application which increased living mulch groundcover biomass in 2008 
(Figure 1). 
In 2008, grain yields ranged from 5620 to 13071 kg ha
-1
 (Table 3).  Paraquat ST 
(8735 kg ha
-1
) yielded higher than PQ NT (7828 kg ha
-1
), and RU NT (7491 kg ha
-1
) was 
greater than RU ST (6502 kg ha
-1
).  Compared to the control, grain yield was significantly 
different in all treatments except KB PQ ST with a P-value of 0.0815 (Table 3).   
In 2009 there was no significant groundcover main effect, however, there was a 
significant herbicide effect on grain yield.  This may be attributed to a more typical early 
growing season allowing for timely herbicide treatment applications.  These data support 
findings by Hall et al. (1984) who concluded living mulches did not significantly affect grain 
yield if properly suppressed with herbicide treatments.  Corn grain yields ranged from 7611 
kg ha
-1
 (CF RU NT) to 12768 kg ha
-1
 (KB PQ NT).  Averaged across groundcover and 
tillage, PQ (12066 kg ha
-1
) yielded greater than RU (9884 kg ha
-1
).  Only CF RU NT was 
significantly lower compared to the control in 2009 (P = 0.0015; Table 4). 
 
 
27 
 
Kernel Number 
 In 2008, groundcover, herbicide, and the tillage x herbicide interaction were 
significant.  Herbicide and the groundcover x treatment interaction were significant both 
years (Table 2).  Kernel number averaged 2754 and 3728 kernels m
-2
 in 2008 and 2009, 
respectively.  In 2008, PQ ST (3058 kernels m
-2
) produced the most kernels followed by PQ 
NT (2680 kernels m
-2
), RU NT (2579 kernels m
-2
), and RU ST (2186 kernels m
-2
).  Paraquat 
(4030 kernels m
-2
) produced more kernels than RU (3360 kernels m
-2
) in 2009, averaged 
across groundcover and tillage.  Compared to the control, kernel number was significantly 
different in all treatments except KB PQ ST (P = 0.2789) in 2008.  Only CF RU NT and MX 
RU ST were significant in 2009 (Table 4), compared to the control.  The greater kernel 
number directly relates to higher yields of the same treatments in 2008, with similar patterns 
in 2009. 
Thousand-kernel Weight 
 The tillage x herbicide interaction was significant (P = 0.0356) in 2008.  There were 
no significant main effects or interactions for TKW in 2009 (Table 2).  The average in 2008 
was 250 g per 1000-kernels with the control weighing 259 g.  The creeping red fescue RU ST 
treatment produced the greatest kernel mass in 2008 (277 g), but also produced the lowest 
yield.  Roundup ST (257 g) weighed the most, followed by PQ NT (249 g), RU NT (248 g), 
and PQ ST (243 g), averaged across groundcover.  In 2009, the control treatment weighed 
245 g with an average weight of 253 g across all treatments (Table 4).  Creeping red fescue + 
white clover RU ST was the only significant treatment compared to the control in 2009 
(Table 4).  Higher TKW did not produce higher grain yields either year possibly indicating 
less efficient kernel production in treatments where groundcover was competitive. 
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Harvest Index 
 The groundcover x herbicide interaction was significant in 2008 (P = 0.0326).  There 
were no significant main effects or interactions in 2009 (Table 2).  In 2008, KB RU and MX 
RU averaged the highest HI of 0.58 and 0.58, KB PQ averaged 0.57, CF PQ and CF RU 
averaged 0.56 and 0.56, and MX PQ averaged the lowest HI at 0.54 (averaged across tillage).  
Harvest index in 2009 was 0.49, averaged across treatments.  The control produced an HI of 
0.56 in 2008, and 0.47 in 2009.  No treatments were significant compared to the control in 
either year (Tables 3 and 4). 
Grain N Uptake 
 Groundcover, herbicide, tillage x herbicide, and the groundcover x treatment 
interaction were significant in 2008 and 2009 (Table 2).  Paraquat ST (81 and 90 kg ha
-1
) 
accumulated the most N both years, followed by PQ NT (75 and 76 kg ha
-1
), RU NT (73 and 
72 kg ha
-1
), and RU ST (64 and 63 kg ha
-1
) in 2008 and 2009, respectively.  The only non-
significant groundcover x treatment comparison occurred between the control and KB PQ 
ST, which accumulated 104 and 119 kg N ha
-1
 in 2008 and 2009 (Tables 3 and 4).  
Treatments accumulating the greatest grain N produced the highest yields each year.  
Kentucky bluegrass accumulated the least groundcover N.  Consequently, treatments 
containing KB accumulated the most grain and stover N, and produced the greatest grain 
yield and stover DM both years.   
Plant Density 
 In 2008, tillage and herbicide affected plant density.  There were no significant main 
effects or interactions in 2009 (Table 2).  In 2008, PQ (83732 plants ha
-1
) averaged higher 
plant density compared to RU (79107 plants ha
-1
), and NT (83254 plants ha
-1
) higher than ST 
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(79586 plants ha
-1
).  In 2009, plant density was 81539 plants ha
-1
 averaged over all 
treatments (Table 4).  Greater stand densities did not necessarily contribute to higher yields, 
kernel number, or TKW either year. 
Stover DM and Nutrient (N, P, and K) Uptake 
 In 2008 and 2009, herbicide and the groundcover x treatment interaction were 
significant, additionally in 2008, groundcover, groundcover x herbicide, and tillage x 
herbicide significantly affected stover DM (Table 2).  All groundcover x treatment 
interactions were significant compared to the control in 2008, and CF RU NT, CF RU ST, 
KB RU NT, KB RU ST, MX RU NT, and MX RU ST were significant in 2009 (Tables 5 and 
6).  Kentucky bluegrass PQ ST produced the most stover DM (6883 kg ha
-1
) in 2008 and CF 
RU ST (3583 kg ha
-1
) the least, excluding the control (Figure 1).  Paraquat (10549 kg ha
-1
) 
produced the most stover DM compared to RU (9183 kg ha
-1
) in 2009, averaged across 
groundcover and tillage. 
The groundcover x treatment interaction significantly affected stover N uptake in 
2008.  Groundcover and herbicide main effects were significant in 2008, whereas, only 
herbicide was significant in 2009.  Compared to the control all treatment effects were 
significant in 2008, and none were significant in 2009 (Tables 5 and 6).  Kentucky bluegrass 
accumulated the most N (42 kg ha
-1
) and CF the least (33 kg ha
-1
) in 2008, averaged across 
tillage and herbicide.  Additionally in 2008, PQ (40 kg ha
-1
) accumulated more N than RU 
(34 kg ha
-1
), averaged across groundcover and tillage.  Similar results were recorded in 2009, 
with PQ (82 kg ha
-1
) accumulating more N than RU (75 kg ha
-1
).  In 2008, all treatments 
accumulated more grain N than stover N.  In 2009, CF and MX were highly competitive and 
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the stover retained more N.  Consequently, KB had higher grain and stover yields compared 
to CF and MX, excluding the control. 
The groundcover x herbicide interaction significantly affected stover P content in 
2008 (P = 0.0490), only tillage was significant in 2009 (P = 0.0346).  The greatest P 
accumulation occurred in the MX RU (6.0 kg ha
-1
) treatment with CF RU (3.4 kg ha
-1
) 
accumulating the least in 2008, averaged across tillage.  Treatments receiving NT (8.5 kg ha
-
1
) averaged higher P accumulation than ST (7.6 kg ha
-1
) in 2009, averaged across 
groundcover and herbicide.  Compared to the control, MX RU NT and MX RU ST were the 
only significant comparisons in 2008 (Table 5).  There were no significant comparisons to 
the control in 2009 (Table 6).   
In 2008, groundcover, herbicide, groundcover x tillage, and tillage x herbicide had a 
significant effect on stover K accumulation.  All groundcover x treatment interactions were 
significant in 2008, except KB PQ ST (78 kg ha
-1
), KB PQ NT (66 kg ha
-1
), and MX PQ NT 
(63 kg ha
-1
) compared to the control (74 kg ha
-1
).  Additionally in 2008, KB PQ ST 
accumulated the highest (78 kg ha
-1
) stover K and CF RU ST (43 kg ha
-1
) the lowest (Table 
5).  Only the herbicide main effect was significant in 2009 (Table 2), and there were no 
significant groundcover x treatment effects compared to the control (Table 6).  Averaged 
across groundcover and tillage, PQ (110 kg ha
-1
) accumulated more stover K than RU (94 kg 
ha
-1
) in 2009. 
Basal Stalk Nitrate 
 Assessing nitrate concentrations using the “end-of-season cornstalk test” provides a 
diagnostic toll that assesses fertilizer N inputs.  There were no significant main effects, 
interactions, or treatment effects either year (Table 2).  Basal stalk nitrate averaged 599 and 
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1522 mg NO3-N kg
-1 
in 2008 and 2009, respectively.  Creeping red fescue RU ST contained 
1272 mg NO3-N kg
-1
 and was significantly different than the control (248 mg NO3-N kg
-1
) in 
2008 (P = 0.0069).  In 2009 CF PQ ST (2021 mg NO3-N kg
-1
) was different than the control 
(1008 mg NO3-N kg
-1
; Table 6).  This indicates CF, KB, and MX are not competing for 
available N, and are possibly maintaining the applied N in the system by decreasing nitrate 
leaching (Wyland et al., 1996; Ochsner et al., 2010).  Furthermore, ST had a 49% increase in 
BSN over NT in 2008, and a 6% decrease in 2009.  Binford et al. (1990) reported stalk 
nitrate concentrations of 250 mg NO3-N kg
-1
 as the critical concentration using a linear-
response and plateau model, and 1800 mg kg
-1 
nitrate as the economic optimum.  Most of the 
concentrations were within this range in 2008 and 2009.  Exceptions include the control in 
2008 (248 mg NO3-N kg
-1
), CF PQ NT (1847 mg NO3-N kg
-1
) and CF PQ ST (2021 mg 
NO3-N kg
-1
) in 2009. 
Whole Plant Yield 
 In 2008, groundcover and the groundcover x treatment interaction significantly 
affected whole plant yield.  Only herbicide was significant in 2009 (Table 2).  Kentucky 
bluegrass (12617 kg ha
-1
) produced the greatest whole plant yield in 2008 and CF (10171 kg 
ha
-1
) the least.  Paraquat (17676 kg ha
-1
) produced 12% more whole plant yield than RU 
(15816 kg ha
-1
) in 2009, averaged across groundcover and tillage.  All treatments were 
significant compared to the control in 2008, and only CR RU NT was significant in 2009 (P 
= 0.0128).   
Weed Density and Composition 
 When not adequately suppressed with tillage or herbicide applications, weeds have 
been shown to interfere with corn development and subsequent grain yields.  Hall et al. 
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(1992) determined the critical period for corn development varies between the 3
rd
 and 14
th
 
leaf stage.  They further concluded weed interference can reduce corn leaf area, increase 
senescence of lower leaves, reduce the availability of PAR to lower leaves, deplete soil 
moisture, and compete for nutrients.  Although considered beneficial, living mulches may 
impede corn growth and development similar to weeds, and should be controlled as such to 
minimize competition for light, nutrients, and water.   
Groundcover and the tillage x herbicide interaction in 2008, and only the herbicide 
main effect in 2009, significantly affected weed density (Table 7).  Kentucky bluegrass 
suppressed the least weeds in 2008 and 2009, while MX suppressed the most both years.  
Roundup ST suppressed weeds better than PQ NT, RU NT, and PQ ST in 2008, respectively 
(Table 8).  Additionally ST suppressed more weeds than NT, and RU suppressed more than 
PQ in 2009 (Table 9).  No data were collected in the control plots either year.  Although RU 
had better weed suppression, it did not adequately suppress the living mulch leading to 
decreased corn yields and stover DM production.  As groundcover biomass increased, weed 
density decreased.  The MX living mulch treatment provided the best weed suppression, but 
reduced grain yield and stover DM compared to the control.  Weed control and living mulch 
groundcover suppression are both critical to minimize competition with corn.  Yenish et al. 
(1996) came to similar conclusions using rye and crimson clover as cover crops and utilizing 
herbicides for management in NT corn.  The two most common weed species in 2008 were 
dandelion (Taraxacum officinale) and waterhemp (Amaranthus rudis), while dandelion and 
foxtail (Setaria faberi) occurred more in 2009.   
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Living Mulch Groundcover (G) DM and Nutrient (N, P, and K) Uptake 
Above average winter and spring precipitation delayed planting and herbicide 
application in 2008, consequently, groundcovers grew an additional two-to-three weeks in 
the spring.  Furthermore, no data were collected in the control for G DM and G nutrient 
uptake either year.  In 2008, groundcover and groundcover x herbicide significantly affected 
G DM production.  Groundcover, herbicide, groundcover x tillage, and groundcover x 
herbicide were significant in 2009 (Table 7).  Creeping red fescue + white clover (3024 kg 
ha
-1
) produced greater G DM compared to CF and KB (2735 and 1685 kg ha
-1
, respectively) 
in 2008, averaged across tillage and herbicide.  Additionally, treatments receiving MX PQ 
(3183 kg ha
-1
) produced the most G DM and KB PQ (1250 kg ha
-1
) the least in 2008.  In 
2009, CF RU NT (2447 kg ha
-1
) produced the most G DM, and KB PQ NT the least (592 kg 
ha
-1
, Figure 1).   
The groundcover and herbicide main effects significantly affected living mulch N 
accumulation both years (Table 7).  The groundcover x herbicide interaction was significant 
in 2008 and 2009, and the groundcover x tillage interaction was significant only in 2009.  In 
2008, MX PQ (66 kg ha
-1
) accumulated the most N and KB PQ (25 kg ha
-1
) the least, 
averaged across tillage.  In 2009, CF RU NT (52 kg ha
-1
) accumulated the most G N.  
Kentucky bluegrass PQ NT accumulated the least N both years (Figures 2 and 3).  Living 
mulch groundcovers accumulating the least N produced the highest corn grain and stover 
DM both years, while G accumulating the least N produced the lowest yields and stover DM. 
 In 2008, groundcover P uptake was significantly affected by groundcover and 
groundcover x herbicide.  Groundcover, tillage, herbicide, groundcover x tillage, and 
groundcover x herbicide were significant in 2009 (Table 7).  Creeping red fescue PQ (9.9 kg 
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ha
-1
) accumulated the most P compared to all groundcover x herbicide treatments in 2008, 
averaged across tillage.  In 2009, CF RU NT (7.5 kg ha
-1
) accumulated the greatest P (Figure 
2).  Kentucky bluegrass PQ ST and KB PQ NT accumulated the least P in 2008 and 2009, 
respectively (Tables 8 and 9).   
 Living mulch K uptake was affected by groundcover, herbicide, and the groundcover 
x herbicide interaction in 2008.  In 2009, groundcover, tillage, and herbicide main effects, 
and the groundcover x tillage and tillage x herbicide interactions were significant (Table 7).  
In 2008, CF PQ and MX PQ (49 and 49 kg ha
-1
) accumulated the greatest K averaged across 
tillage, additionally, KB PQ (16 kg ha
-1
) accumulated the least.  In 2009, CF RU NT (21 kg 
ha
-1
) accumulated the greatest K, and KB PQ NT (5.0 kg ha
-1
) accumulated the least (Figure 
2).  Creeping red fescue PQ NT was significant compared to CF RU NT, and MX PQ NT 
was significant compared to MX RU NT both years (Tables 8 and 9). 
Percent Total Groundcover 
 The tillage main effect was significant both years.  Additionally, herbicide was 
significant in 2009.  No data were collected in the control in 2008, however data were 
collected in the control during 2009 (54% groundcover), and all comparisons were 
significant (Table 9).  In both years MX provided the greatest ground coverage (93% in 2008 
and 90% in 2009), averaged across tillage and herbicide.  Kentucky bluegrass provided the 
least amount of ground coverage (89% both years), but was not significantly different from 
CF or MX.  Roundup provided the same amount of coverage both years (91%), and PQ 
provided 92 and 88 % coverage in 2008 and 2009 (averaged across groundcover and tillage), 
respectively.  No-till provided 13% more coverage than ST in 2008, and 11% more coverage 
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in 2009, averaged across herbicide.  Scott et al. (1987) found similar groundcover results 
using cover crops and living mulches in corn polyculture systems. 
Days to 50% Silking and Maturity 
 Groundcover, herbicide, and the groundcover x treatment interaction were significant 
for corn development both years (Table 7).  The control reached 50% silking 75 and 78 days 
after planting (DAP) in 2008 and 2009, respectively.  Creeping red fescue and MX delayed 
corn development the most (83 and 84 days), and RU (83 and 83 DAP) delayed development 
compared to PQ (81 and 82 DAP) each year.  All treatments were significant compared to the 
control in 2008, and only KB PQ ST was non-significant in 2009. 
Groundcover, herbicide, and the groundcover x treatment interaction were significant 
for corn maturity both years (Table 7).  Kentucky bluegrass (149 and 144 DAP) achieved 
physiological maturity earlier than CF and MX both years.  Roundup delayed maturity both 
years compared to PQ (Tables 10 and 11).  The control reached physiological maturity in 147 
DAP in 2008, and in 142 DAP in 2009.  Kentucky bluegrass PQ NT in 2008 and KB PQ ST 
in 2009 were not significant compared to the control.  In both years, KB PQ ST was 
significant compared to KB RU ST.   
Leaf Area Index 
 Leaf area index was measured at V6, V12, R1, and R3 both years.  In 2008, 
groundcover was significant at V6, V12, and R1; herbicide was significant at R1 and R3; and 
the groundcover x treatment interaction was significant at all growth stages.  Groundcover 
was significant at V12; herbicide was significant at V6, V12, and R1; and the groundcover x 
treatment interaction was significant at V6 and V12 in 2009 (Table 7).  No data were 
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collected in the RU NT and RU ST treatments at V6 in 2008 because living mulch height 
exceeded corn height at this sampling period. 
 All treatments were significant compared to the control at V6 and V12 in 2008.  Only 
KB PQ NT and KB PQ ST were non-significant at V6, additionally, KB PQ NT, KB PQ ST, 
and MX PQ ST were non-significant at V12 in 2009.  Kentucky bluegrass achieved greater 
LAI during all four growth stages in 2008 and 2009, excluding the control (Figure 4).  
Paraquat developed higher LAI compared to RU at all growth stages both years, excluding 
the control (Figure 5).  In 2008, the control, KB RU NT, and KB RU ST reached peak LAI at 
V12.  Small hail on 28 July 2008 destroyed leaf tissue, thus lowering the maximum LAI in 
2008.  All other treatments achieved maximum LAI at R1 (Table 10).  All treatments reached 
peak LAI at R1 in 2009 (Table 11).  Excluding the control in 2008, KB PQ ST developed the 
highest LAI at V6 (0.64), KB RU ST (1.87) at V12, KB PQ NT (2.44) at R1, and MX PQ NT 
(1.56) at R3 (Table 10).  Kentucky bluegrass PQ ST achieved the highest LAI at V6 and V12 
(0.68 and 3.40, respectively), KB PQ NT the highest at R1 (4.29), and KB RU NT achieved 
the highest at R3 (3.42) during 2009, excluding the control (Table 11). 
Grain and Stover Moisture Content 
 Corn grain moisture content was significantly affected by the groundcover x 
treatment, groundcover x tillage, and groundcover x tillage x herbicide interactions in 2008.   
There were no significant main effects or interactions in 2009 (Table 12).  Compared to the 
control, KB PQ NT, KB PQ ST, KB RU NT, MX PQ ST, and MX RU ST were not 
significant in 2008.  Only MX PQ ST was significant in 2009 (Table 13).  Kentucky 
bluegrass RU ST had the highest grain moisture (198 g kg
-1
) in 2008, and MX PQ ST (85 g 
ka
-1
) the greatest in 2009.   
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 The groundcover x treatment interaction significantly affected whole plant moisture 
content both years (Table 12).  In 2009, tillage, herbicide, groundcover x herbicide, and 
groundcover x tillage x herbicide were significant (Table 12).  All control comparisons (333 
and 338 g kg
-1
 in 2008 and 2009, respectively) were significant in 2008, and four 
comparisons were non-significant in 2009 (Table 13).  The highest whole plant moisture 
content in 2008 was KB RU NT (449 g kg
-1
), and CF RU NT (435 g kg
-1
) in 2009.  Kentucky 
bluegrass PQ ST contained the least whole plant moisture both years, excluding the control 
(Table 13). 
CONCLUSIONS 
Our research demonstrated using living mulches as an agronomic management option 
to minimize detrimental environmental effects from harvesting corn stover for biomass in 
continuous corn systems.  Kentucky bluegrass exhibited the least competitive effects on grain 
and stover production compared to CF and MX.  Fall ST did not provide a consistent benefit 
compared to NT, but PQ provided greater living mulch suppression compared to RU.  
Additional research under varying climate conditions will quantify the risk of living mulch 
systems and will help develop the most appropriate management strategy for growing 
continuous corn in perennial groundcovers. 
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LIST OF FIGURES 
Figure 1.  Grain yield, stover dry matter (DM), and groundcover DM for continuous corn 
grown without a living mulch (C), or grown in a living mulch of creeping red 
fescue (CF), Kentucky bluegrass (KB), or creeping red fescue + white clover 
mixture (MX) near Ames, IA in 2008 and 2009.  Groundcover was managed with a 
combination of no-tillage (NT) or strip-tillage (ST) and paraquat (PQ) or roundup 
(RU) herbicide treatments. 
Figure 2.  Nitrogen (N), phosphorus (P), and potassium (K) uptake for corn grain, stover dry 
matter (DM), and groundcover DM for continuous corn grown without a living 
mulch (C), or grown in a living mulch of creeping red fescue (CF), Kentucky 
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bluegrass (KB), or creeping red fescue + white clover mixture (MX) near Ames, IA 
in 2008.  Groundcover was managed with a combination of no-tillage (NT) or 
strip-tillage (ST) and paraquat (PQ) or roundup (RU) herbicide treatments. 
Figure 3.  Nitrogen (N), phosphorus (P), and potassium (K) uptake for corn grain, stover dry 
matter (DM), and groundcover DM for continuous corn grown without a living 
mulch (C), or grown in a living mulch of creeping red fescue (CF), Kentucky 
bluegrass (KB), or creeping red fescue + white clover mixture (MX) near Ames, IA 
in 2009.  Groundcover was managed with a combination of no-tillage (NT) or 
strip-tillage (ST) and paraquat (PQ) or roundup (RU) herbicide treatments. 
Figure 4.  Leaf Area Index (LAI) for continuous corn grown without a living mulch (C), or 
grown in a living mulch of creeping red fescue (CF), Kentucky bluegrass (KB), or 
creeping red fescue + white clover mixture (MX) near Ames, IA in 2008 and 2009.  
Groundcover was managed with a combination of no-tillage (NT) or strip-tillage 
(ST) and paraquat (PQ) or roundup (RU) herbicide treatments.  LAI groundcover 
means are averaged across tillage and herbicide main effects.  Vertical error bars 
separate groundcover means.  Significant at P ≤ 0.05 (*), P ≤ 0.01 (**), or P ≤ 
0.001 (***). 
Figure 5. Leaf Area Index (LAI) for continuous corn grown without a living mulch (C), or 
grown in a living mulch of creeping red fescue (CF), Kentucky bluegrass (KB), or 
creeping red fescue + white clover mixture (MX) near Ames, IA in 2008 and 2009.  
Groundcover was managed with a combination of no-tillage (NT) or strip-tillage 
(ST) and paraquat (PQ) or roundup (RU) herbicide treatments.  LAI herbicide 
means are averaged across groundcover and tillage main effects.  Vertical bars 
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separate herbicide means.  Significant at P ≤ 0.05 (*), P ≤ 0.01 (**), or P ≤ 0.001 
(***). 
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Figure 1.  Grain yield, stover dry matter (DM), and groundcover DM for continuous corn 
grown without a living mulch (C), or grown in a living mulch of creeping red fescue (CF), 
Kentucky bluegrass (KB), or creeping red fescue + white clover mixture (MX) near Ames, 
IA in 2008 and 2009.  Groundcover was managed with a combination of no-tillage (NT) or 
strip-tillage (ST) and paraquat (PQ) or roundup (RU) herbicide treatments. 
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Figure 2.  Nitrogen (N), phosphorus (P), and potassium (K) uptake for corn grain, stover dry 
matter (DM), and groundcover DM collected from continuous corn grown without a living 
mulch (C), or grown in a living mulch of creeping red fescue (CF), Kentucky bluegrass (KB), 
or creeping red fescue + white clover mixture (MX) near Ames, IA in 2008.  Groundcover 
was managed with a combination of no-tillage (NT) or strip-tillage (ST) and paraquat (PQ) or 
roundup (RU) herbicide treatments. 
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Figure 3.  Nitrogen (N), phosphorus (P), and potassium (K) uptake for corn grain, stover dry 
matter (DM), and groundcover DM for continuous corn grown without a living mulch (C), or 
grown in a living mulch of creeping red fescue (CF), Kentucky bluegrass (KB), or creeping 
red fescue + white clover mixture (MX) near Ames, IA in 2009.  Groundcover was managed 
with a combination of no-tillage (NT) or strip-tillage (ST) and paraquat (PQ) or roundup 
(RU) herbicide treatments. 
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Figure 4.  Leaf Area Index (LAI) for continuous corn grown without a living mulch (C), or 
grown in a living mulch of creeping red fescue (CF), Kentucky bluegrass (KB), or creeping 
red fescue + white clover mixture (MX) near Ames, IA in 2008 and 2009.  Groundcover was 
managed with a combination of no-tillage (NT) or strip-tillage (ST) and paraquat (PQ) or 
roundup (RU) herbicide treatments.  LAI groundcover means are averaged across tillage and 
herbicide main effects.  Vertical error bars separate groundcover means.  Significant at P ≤ 
0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***). 
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Figure 5. Leaf Area Index (LAI) for continuous corn grown without a living mulch (C), or 
grown in a living mulch of creeping red fescue (CF), Kentucky bluegrass (KB), or creeping 
red fescue + white clover mixture (MX) near Ames, IA in 2008 and 2009.  Groundcover was 
managed with a combination of no-tillage (NT) or strip-tillage (ST) and paraquat (PQ) or 
roundup (RU) herbicide treatments.  LAI herbicide means are averaged across groundcover 
and tillage main effects.  Vertical bars separate herbicide means.  Significant at P ≤ 0.05 (*), 
P ≤ 0.01 (**), P ≤ 0.001 (***).
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Table 1.  Average monthly air temperature and total monthly precipitation near Ames, 
IA in 2008 and 2009.  Data were collected approximately 2.0 km from the research site 
at the NWS COOP 8WSW station.  Thirty-year (30-yr) average is for 1971 – 2000. 
 Air Temperature  Precipitation  
Month 2008 2009 30-yr  2008 2009 30-yr 
 
___________
 °C 
___________
  
____________
 mm 
____________
 
May 15 16 16  216 102 110 
June 21 21 21  271 104 127 
July 23 21 23  234 70 113 
August 22 21 22  83 123 110 
September 18 18 18  78 24 78 
October 12 8 11  92 186 68 
        
  
 
4
9
 
Table 2. Probability values for grain yield, kernel number, 1000-kernel weight (TKW), harvest index (HI), grain N uptake, plant 
density,  stover dry matter (DM), stover N, P, and K uptake, basal stalk nitrate concentration (BSN), and whole plant yield 
(WPY) in 2008 and 2009 near Ames, IA. 
Treatment df 
Grain 
yield 
Kernel 
number TKW HI Grain  N 
Plant 
density 
Stover 
DM 
Stover  
N 
Stover 
P 
Stover 
K BSN WPY 
 _________________________________________________________________________________ P > F ________________________________________________________________________________ 
 2008 
 ANOVA for comparing between treatments without control 
Block (B) 6 0.4256 0.5103 0.9539 0.2282 0.8443 0.3569 0.0144 0.0086 0.0285 0.0056 0.0770 0.2941 
Groundcover (G) 6 0.0074 0.0086 0.3838 0.3339 0.0081 0.2569 0.0015 0.0038 0.2912 0.0032 0.7044 0.0257 
B x G (error 1) 6             
Tillage (T) 27 0.9102 0.9514 0.6821 1.0000 0.7181 0.0240 0.7253 0.6002 0.2407 0.8631 0.0560 0.0745 
G x T 27 0.1488 0.0772 0.1184 0.7328 0.3969 0.5545 0.1270 0.4451 0.8857 0.0415 0.3712 0.9928 
Herbicide (H) 27 0.0013 0.0006 0.0664 0.7835 0.0056 0.0055 0.0002 0.0025 0.3610 0.0009 0.2367 0.6312 
G x H 27 0.3803 0.3760 0.3767 0.0326 0.3995 0.8156 0.0305 0.0942 0.0490 0.4271 0.1504 0.4532 
T x H 27 0.0134 0.0047 0.0356 0.6474 0.0295 0.4128 0.0070 0.6013 0.3247 0.0147 0.5534 0.5854 
G x T x H 27 0.5096 0.7685 0.0755 0.7267 0.4411 0.9973 0.7822 0.4843 0.8229 0.5156 0.8250 0.2734 
G x T x H (error 2) 27             
 ANOVA for comparing treatments with control 
B 6 0.6043 0.5493 0.9907 0.1972 0.9574 0.2441 0.1108 0.0096 0.0469 0.0094 0.0392 0.3567 
G x Treatment (Tr) 16 <0.0001 <0.0001 0.0676 0.4034 <0.0001 0.0568 <0.0001 <0.0001 0.2522 0.0004 0.2862 <0.0001 
G x Tr (error) 16             
Significant when P ≤ 0.05.      
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Table 2. (continued) 
Treatment df 
Grain 
yield 
Kernel 
number TKW HI Grain  N 
Plant 
density 
Stover 
DM Stover  N 
Stover 
P 
Stover 
K BSN WPY 
 _________________________________________________________________________________ P > F ________________________________________________________________________________ 
 2009 
 ANOVA for comparing between treatments without control 
B 6 0.0802 0.0616 0.6327 0.1252 0.2571 0.9155 0.0975 0.0985 0.4844 0.0702 0.0271 0.1728 
G 6 0.2831 0.0689 0.0826 0.1490 0.0023 0.9440 0.7757 0.2895 0.7666 0.8552 0.5189 0.4622 
B x G (error 1) 6             
T 27 0.3133 0.3107 0.8089 0.1293 0.4034 0.1171 0.8304 0.4619 0.0346 0.9020 0.5720 0.3115 
G x T 27 0.1453 0.2912 0.3088 0.1213 0.1428 0.6115 0.2716 0.3553 0.1041 0.0870 0.8273 0.8780 
H 27 <0.0001 0.0006 0.5117 0.1885 <0.0001 0.7486 <0.0001 0.0487 0.3069 0.0005 0.1055 0.0098 
G x H 27 0.6125 0.6908 0.8195 0.9885 0.0749 0.1692 0.4941 0.8001 0.1534 0.5767 0.6726 0.7737 
T x H 27 0.3403 0.4563 0.6303 0.3671 0.0015 0.2746 0.4768 0.7676 0.1763 0.7803 0.1963 0.9007 
G x T x H 27 0.7649 0.4462 0.3282 0.9219 0.8000 0.3613 0.7792 0.8583 0.8630 0.8009 0.9232 0.9590 
G x T x H (error 2) 27             
 ANOVA for comparing treatments with control 
B 6 0.1422 0.0813 0.5918 0.0993 0.2475 0.8886 0.1113 0.0673 0.3482 0.0514 0.0391 0.1218 
G x Tr 16 0.0397 0.0419 0.2946 0.2388 <0.0001 0.5193 0.0075 0.5308 0.1547 0.0881 0.6093 0.3813 
G x Tr (error) 16             
51 
 
Table 3.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for grain yield, kernel number, 1000-kernel weight (TKW), harvest 
index (HI), grain N uptake, and plant density in 2008 near Ames, IA. 
Treatment 
Grain 
yield 
Kernel 
number TKW HI 
Grain        
N Plant density 
 kg ha
-1
 no. m
-2
 g  kg ha
-1
 plants ha
-1
 
Control (C) 13071 4297 259 0.56 122 87081 
CF PQ NT 6258 2138 249 0.56 61 85407 
CF PQ ST 7410 2654 238 0.56 70 82536 
CF RU NT 6377 2197 247 0.58 64 80622 
CF RU ST 5976 2074 246 0.59 59 80622 
KB PQ NT 9249 3210 246 0.57 88 88756 
KB PQ ST 11339 3934 245 0.59 104 82058 
KB RU NT 8876 3028 250 0.58 86 82775 
KB RU ST 7911 2722 247 0.57 75 78469 
MX PQ NT 7976 2692 252 0.58 75 84450 
MX PQ ST 7455 2587 245 0.57 70 79187 
MX RU NT 7219 2514 247 0.55 68 77512 
MX RU ST 5620 1762 277 0.54 57 74641 
 
____________________________________________  
Pr > t 
__________________________________________
 
CF vs. KB 0.0079 0.0104 0.9559 0.8878 0.0092 0.9499 
CF vs. MX 0.6422 0.8402 0.3895 0.5403 0.7513 0.3851 
KB vs. MX 0.0216 0.0194 0.5305 0.3219 0.0205 0.2677 
PQ vs. RU 0.0013 0.0006 0.0664 0.7835 0.0056 0.0055 
NT vs. ST 0.9102 0.9514 0.6821 1.0000 0.7181 0.0240 
C vs. CF PQ NT <0.0001 <0.0001 0.3310 1.0000 <0.0001 0.6649 
C vs. CF PQ ST <0.0001 <0.0001 0.0519 1.0000 <0.0001 0.2439 
C vs. CF RU NT <0.0001 <0.0001 0.2542 0.2954 <0.0001 0.1012 
C vs. CF RU ST <0.0001 <0.0001 0.2215 0.1647 <0.0001 0.1012 
C vs. KB PQ NT 0.0004 0.0024 0.2125 0.7249 0.0009 0.6649 
C vs. KB PQ ST 0.0815 0.2789 0.1970 0.2018 0.0628 0.1988 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,   
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
Significant when P ≤ 0.05.      
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Table 3. (continued) 
Treatment 
Grain 
yield 
Kernel 
number TKW HI 
Grain        
N Plant density 
 
____________________________________________  
Pr > t 
__________________________________________
 
C vs. KB RU NT 0.0001 0.0005 0.3772 0.2945 0.0005 0.2691 
C vs. KB RU ST <0.0001 <0.0001 0.2747 0.4827 <0.0001 0.0314 
C vs. MX PQ NT <0.0001 <0.0001 0.5303 0.2945 <0.0001 0.4970 
C vs. MX PQ ST <0.0001 <0.0001 0.1965 0.4827 <0.0001 0.0473 
C vs. MX RU NT <0.0001 <0.0001 0.2656 0.6392 <0.0001 0.0176 
C vs. MX RU ST <0.0001 <0.0001 0.0869 0.2945 <0.0001 0.0027 
CF PQ NT vs. CF PQ ST 0.1977 0.0972 0.2040 1.0000 0.3289 0.4379 
CF PQ NT vs.  CF RU NT 0.8928 0.8465 0.8296 0.3024 0.7981 0.2000 
CF PQ ST vs.  CF RU ST 0.1116 0.0636 0.3374 0.1721 0.2013 0.6039 
CF RU NT vs. CF RU ST 0.6496 0.6849 0.9152 0.7289 0.5698 0.9999 
KB PQ NT vs. KB PQ ST 0.0236 0.0226 0.9547 0.3584 0.0615 0.0766 
KB PQ NT vs. KB RU NT 0.6727 0.5503 0.6421 0.4895 0.8052 0.1120 
KB PQ ST vs. KB RU ST 0.0005 0.0004 0.7982 0.5642 0.0013 0.3335 
KB RU NT vs. KB RU ST 0.2783 0.3173 0.7898 0.7289 0.1835 0.2476 
MX PQ NT vs. MX PQ ST 0.5555 0.7295 0.4009 0.7289 0.5763 0.1599 
MX PQ NT vs.  MX RU NT 0.3937 0.5574 0.5401 0.1401 0.3835 0.0672 
MX PQ ST vs.  MX RU NT 0.0447 0.0103 0.0007 0.0906 0.1100 0.2229 
MX RU NT vs. MX RU ST 0.0777 0.0183 0.0012 0.5642 0.1940 0.4379 
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Table 4.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for grain yield, kernel number, 1000-kernel weight (TKW), harvest 
index (HI), grain N uptake, and plant density in 2009 near Ames, IA. 
Treatment 
Grain 
yield 
Kernel 
number TKW HI 
Grain        
N Plant density 
 kg ha
-1
 no. m
-2
 g  kg ha
-1
 plants ha
-1
 
Control (C) 11686 4127 245 0.47 128 82143 
CF PQ NT 11364 3984 244 0.48 61 81905 
CF PQ ST 12262 4067 257 0.50 75 80953 
CF RU NT 7611 2638 246 0.45 66 83095 
CF RU ST 10408 3628 243 0.50 56 78572 
KB PQ NT 12768 4179 261 0.50 93 78571 
KB PQ ST 12319 4375 240 0.51 119 81190 
KB RU NT 10515 3659 245 0.49 81 84762 
KB RU ST 10398 3662 245 0.50 79 81667 
MX PQ NT 12025 3891 263 0.50 73 84286 
MX PQ ST 11657 3720 267 0.49 77 80952 
MX RU NT 10106 3318 259 0.48 69 81667 
MX RU ST 10265 3257 273 0.48 56 80238 
 
__________________________________________  
Pr > t 
_________________________________________ 
CF vs. KB 0.2577 0.1062 0.9999 0.1425 0.0027 0.9751 
CF vs. MX 0.6162 0.9884 0.1130 0.8047 0.7005 0.9399 
KB vs. MX 0.7218 0.0882 0.1146 0.3163 0.0059 0.9918 
PQ vs. RU <0.0001 0.0006 0.5117 0.1885 <0.0001 0.7486 
NT vs. ST 0.3133 0.3107 0.8089 0.1293 0.4034 0.1171 
C vs. CF PQ NT 0.6848 0.6690 0.9378 0.7838 <0.0001 0.9363 
C vs. CF PQ ST 0.7507 0.8856 0.3493 0.1371 <0.0001 0.6895 
C vs. CF RU NT 0.0015 0.0010 0.9311 0.3397 <0.0001 0.7492 
C vs. CF RU ST 0.2437 0.2360 0.8580 0.1371 <0.0001 0.2357 
C vs. KB PQ NT 0.4690 0.9003 0.2373 0.0807 0.0002 0.2357 
C vs. KB PQ ST 0.7160 0.5518 0.7028 0.0608 0.2846 0.7491 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture, PQ 
= paraquat, RU = roundup, NT = no-till, ST = strip-till 
Significant when P ≤ 0.05.      
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Table 4. (continued) 
Treatment 
Grain 
yield 
Kernel 
number TKW HI 
Grain        
N Plant density 
 
_________________________________________  
Pr > t 
_________________________________________
 
C vs. KB RU NT 0.2792 0.2661 0.9821 0.4123 <0.0001 0.3820 
C vs. KB RU ST 0.2406 0.2691 0.9949 0.1058 <0.0001 0.8728 
C vs. MX PQ NT 0.8992 0.5722 0.1737 0.1754 <0.0001 0.4734 
C vs. MX PQ ST 0.8651 0.3328 0.1071 0.4123 <0.0001 0.6894 
C vs. MX RU NT 0.1613 0.0586 0.3009 0.4939 <0.0001 0.8728 
C vs. MX RU ST 0.2015 0.0428 0.0365 0.5837 <0.0001 0.5235 
CF PQ NT vs. CF PQ ST 0.4592 0.7885 0.2989 0.2424 0.1024 0.7232 
CF PQ NT vs.  CF RU NT 0.0041 0.0057 0.8657 0.2424 0.5592 0.6583 
CF PQ ST vs.  CF RU ST 0.1327 0.3243 0.2545 1.0000 0.0225 0.3787 
CF RU NT vs. CF RU ST 0.0270 0.0316 0.7850 0.0238 0.1994 0.1002 
KB PQ NT vs. KB PQ ST 0.7098 0.6568 0.1130 0.8954 0.0027 0.3336 
KB PQ NT vs. KB RU NT 0.0703 0.2446 0.2172 0.3609 0.1526 0.0274 
KB PQ ST vs. KB RU ST 0.1198 0.1141 0.6901 0.7927 <0.0001 0.8592 
KB RU NT vs. KB RU ST 0.9231 0.9946 0.9763 0.4327 0.7463 0.2547 
MX PQ NT vs. MX PQ ST 0.7608 0.6997 0.7865 0.5998 0.6078 0.2208 
MX PQ NT vs.  MX RU NT 0.1201 0.2012 0.7297 0.5125 0.6769 0.3336 
MX PQ ST vs.  MX RU NT 0.2544 0.2990 0.5953 0.7927 0.0127 0.7905 
MX RU NT vs. MX RU ST 0.8948 0.8906 0.2558 0.8954 0.0969 0.5958 
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Table 5.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for stover dry matter (DM), stover N, P, and K uptake, basal stalk nitrate 
concentration (BSN), and whole plant yield (WPY) in 2008 near Ames, IA. 
Treatment 
Stover 
DM 
Stover    
N 
Stover     
P 
Stover    
K BSN WPY 
 kg ha
-1
 kg ha
-1
 kg ha
-1
 kg ha
-1
 mg NO3-N kg
-1
 kg ha
-1
 
Control (C) 8783 60 2.8 74 248 16981 
CF PQ NT 4247 34 4.4 49 313 9144 
CF PQ ST 4924 40 4.0 59 695 10617 
CF RU NT 3917 30 3.6 49 720 10598 
CF RU ST 3583 29 3.2 43 1272 10326 
KB PQ NT 6051 45 5.2 66 541 12739 
KB PQ ST 6883 46 3.9 78 634 12886 
KB RU NT 5440 36 4.8 62 281 11956 
KB RU ST 5025 39 4.7 60 686 12886 
MX PQ NT 4878 38 4.8 63 544 10265 
MX PQ ST 4656 36 3.9 57 591 10941 
MX RU NT 5120 37 5.9 61 624 10583 
MX RU ST 4224 35 6.2 51 638 11168 
 
__________________________________________  
Pr > t 
________________________________________ 
CF vs. KB 0.0013 0.0032 0.5700 0.0026 0.6943 0.0259 
CF vs. MX 0.1521 0.1237 0.2692 0.0627 0.8306 0.6940 
KB vs. MX 0.0100 0.0372 0.7873 0.0540 0.9663 0.0720 
PQ vs. RU 0.0002 0.0025 0.3610 0.0009 0.2367 0.6312 
NT vs. ST 0.7523 0.6002 0.2407 0.8631 0.0560 0.0745 
C vs. CF PQ NT <0.0001 <0.0001 0.1925 <0.0001 0.8542 <0.0001 
C vs. CF PQ ST <0.0001 <0.0001 0.3513 0.0082 0.2130 <0.0001 
C vs. CF RU NT <0.0001 <0.0001 0.5427 <0.0001 0.1890 <0.0001 
C vs. CF RU ST <0.0001 <0.0001 0.7648 <0.0001 0.0069 <0.0001 
C vs. KB PQ NT <0.0001 0.0004 0.0636 0.1455 0.4108 0.0001 
C vs. KB PQ ST 0.0009 0.0008 0.3951 0.4671 0.2804 0.0002 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,       
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
Significant when P ≤ 0.05. 
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Table 5. (continued) 
Treatment 
Stover 
DM 
Stover    
N 
Stover     
P 
Stover    
K BSN WPY 
 
__________________________________________
 Pr > t 
__________________________________________
 
C vs. KB RU NT <0.0001 <0.0001 0.1062 0.0293 0.9251 <0.0001 
C vs. KB RU ST <0.0001 <0.0001 0.1335 0.0139 0.2223 0.0002 
C vs. MX PQ NT <0.0001 <0.0001 0.1208 0.0558 0.4049 <0.0001 
C vs. MX PQ ST <0.0001 <0.0001 0.3617 0.0040 0.3367 <0.0001 
C vs. MX RU NT <0.0001 <0.0001 0.0188 0.0216 0.2922 <0.0001 
C vs. MX RU ST <0.0001 <0.0001 0.0108 0.0002 0.2759 <0.0001 
CF PQ NT vs. CF PQ ST 0.1279 0.1448 0.6318 0.0885 0.2124 0.0672 
CF PQ NT vs.  CF RU NT 0.4501 0.3129 0.3773 0.9109 0.1846 0.0705 
CF PQ ST vs.  CF RU ST 0.0047 0.0095 0.4291 0.0063 0.0639 0.7093 
CF RU NT vs. CF RU ST 0.4444 0.7997 0.6997 0.2899 0.0757 0.7274 
KB PQ NT vs. KB PQ ST 0.0643 0.7958 0.1902 0.0298 0.7578 0.8509 
KB PQ NT vs. KB RU NT 0.1679 0.0294 0.7414 0.4248 0.3935 0.3203 
KB PQ ST vs. KB RU ST 0.0002 0.0881 0.4006 0.0019 0.8641 0.2396 
KB RU NT vs. KB RU ST 0.3426 0.4366 0.8768 0.7450 0.1875 0.9995 
MX PQ NT vs. MX PQ ST 0.6101 0.6234 0.4062 0.2607 0.8784 0.3898 
MX PQ NT vs.  MX RU NT 0.5774 0.9720 0.2638 0.6617 0.7913 0.6834 
MX PQ ST vs.  MX RU NT 0.3245 0.9445 0.0299 0.2349 0.8764 0.7710 
MX RU NT vs. MX RU ST 0.0479 0.5994 0.7606 0.0653 0.9650 0.4557 
57 
 
Table 6.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for stover dry matter (DM), stover N, P, and K uptake, basal stalk nitrate 
concentration (BSN), and whole plant yield (WPY) in 2009 near Ames, IA. 
Treatment 
Stover 
DM 
Stover    
N 
Stover     
P 
Stover    
K BSN WPY 
 kg ha
-1
 kg ha
-1
 kg ha
-1
 kg ha
-1
 mg NO3-N kg
-1
 kg ha
-1
 
Control (C) 11518 77 6.8 98 1008 18676 
CF PQ NT 10504 92 9.6 106 1847 16703 
CF PQ ST 10628 83 7.9 116 2021 17812 
CF RU NT 7904 81 9.4 84 1587 14249 
CF RU ST 9025 75 6.6 96 1475 15455 
KB PQ NT 10862 79 7.0 119 1710 17389 
KB PQ ST 10294 77 6.8 103 1702 18096 
KB RU NT 9420 74 8.4 102 1556 16513 
KB RU ST 8846 68 7.6 95 1120 16504 
MX PQ NT 10506 78 7.4 105 1368 17774 
MX PQ ST 10500 85 8.2 110 1579 18282 
MX RU NT 9085 77 9.3 95 1606 15777 
MX RU ST 9371 78 8.3 95 1203 16398 
 
__________________________________________  
Pr > t 
________________________________________ 
CF vs. KB 0.8143 0.2675 0.7861 0.8593 0.6923 0.5034 
CF vs. MX 0.8048 0.7858 0.9979 0.9950 0.5087 0.5430 
KB vs. MX 0.9998 0.5687 0.8190 0.9020 0.9419 0.9969 
PQ vs. RU <0.0001 0.0487 0.3069 0.0005 0.1055 0.0098 
NT vs. ST 0.8304 0.4619 0.0346 0.9020 0.5720 0.3115 
C vs. CF PQ NT 0.2465 0.0906 0.0756 0.4479 0.0698 0.2497 
C vs. CF PQ ST 0.3077 0.5084 0.4560 0.1221 0.0304 0.6114 
C vs. CF RU NT 0.0003 0.6657 0.0958 0.2395 0.2044 0.0128 
C vs. CF RU ST 0.0074 0.7952 0.8997 0.8629 0.3041 0.0644 
C vs. KB PQ NT 0.4498 0.8853 0.8778 0.0752 0.1264 0.4502 
C vs. KB PQ ST 0.1646 0.9540 0.9882 0.6466 0.1305 0.7327 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,       
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till  
Significant when P ≤ 0.05.     
     
58 
 
Table 6. (continued) 
Treatment 
Stover 
DM 
Stover    
N 
Stover     
P 
Stover    
K BSN WPY 
 
__________________________________________
 Pr > t 
__________________________________________
 
C vs. KB RU NT 0.0214 0.6867 0.2919 0.6847 0.2289 0.2079 
C vs. KB RU ST 0.0045 0.2652 0.6086 0.8271 0.8035 0.2059 
C vs. MX PQ NT 0.2474 0.9081 0.6963 0.5012 0.4261 0.5960 
C vs. MX PQ ST 0.2448 0.3985 0.3558 0.2898 0.2106 0.8164 
C vs. MX RU NT 0.0087 0.9310 0.1133 0.7954 0.1903 0.0944 
C vs. MX RU ST 0.0188 0.9081 0.3140 0.8132 0.6648 0.1852 
CF PQ NT vs. CF PQ ST 0.8665 0.2661 0.1125 0.3330 0.6785 0.5045 
CF PQ NT vs.  CF RU NT 0.0014 0.1784 0.8533 0.0261 0.5371 0.1457 
CF PQ ST vs.  CF RU ST 0.0374 0.3348 0.2045 0.0440 0.1999 0.1618 
CF RU NT vs. CF RU ST 0.1374 0.4678 0.0103 0.2310 0.7893 0.4680 
KB PQ NT vs. KB PQ ST 0.4450 0.8316 0.8383 0.1094 0.9853 0.6699 
KB PQ NT vs. KB RU NT 0.0592 0.5648 0.1856 0.0970 0.7154 0.5975 
KB PQ ST vs. KB RU ST 0.0583 0.2661 0.4660 0.4225 0.1734 0.3400 
KB RU NT vs. KB RU ST 0.4404 0.4497 0.4170 0.4591 0.3038 0.9954 
MX PQ NT vs. MX PQ ST 0.9938 0.4320 0.4279 0.6392 0.6194 0.7593 
MX PQ NT vs.  MX RU NT 0.0629 0.8316 0.0750 0.2711 0.5723 0.2336 
MX PQ ST vs.  MX RU NT 0.1346 0.4320 0.8987 0.1279 0.3746 0.2604 
MX RU NT vs. MX RU ST 0.6996 0.8316 0.3675 0.9781 0.3417 0.7081 
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Table 7. Probability values for weed density, groundcover dry matter (G DM), groundcover N (G N) uptake, groundcover P (G 
P) uptake, groundcover K (G K) uptake, percent total groundcover (G Tot), days after planting (DAP) to 50% silking (dR1), 
DAP to maturity (dR6), leaf area index (LAI) at vegetative growth stages V6 and V12, and reproductive stages R1 and R3 in 
2008 and 2009 near Ames, IA. 
Treatment df 
Weed 
densitya G DMa G Na G Pa G Ka G Totb dR1 dR6 
LAI   
V6c 
LAI 
V12 
LAI    
R1 
LAI    
R3 
 _________________________________________________________________________________ P > F ________________________________________________________________________________ 
 2008 
 ANOVA for comparing between treatments without control 
Block (B) 6 0.2313 0.1197 0.0220 0.1086 0.2217 0.2247 0.1687 0.7821 0.2072 0.0581 0.0068 0.1650 
Groundcover (G) 6 0.0266 0.0016 0.0005 0.0030 0.0031 0.1223 0.0058 0.0002 0.0003 0.0056 <0.0001 0.5435 
B x G (error 1) 6             
Tillage (T) 27 0.9460 0.7490 0.7858 0.8817 0.6513 <0.0001 0.6877 0.7437 0.1593 0.5834 0.8537 0.4261 
G x T 27 0.9815 0.7197 0.5693 0.6425 0.6546 0.2054 0.5908 0.5142 0.8207 0.9367 0.3443 0.3890 
Herbicide (H) 27 0.0987 0.5313 0.0476 0.3618 0.0025 0.1707 0.0018 0.0005 - 0.0512 <0.0001 <0.0001 
G x H 27 0.1424 0.0127 0.0017 0.0114 0.0035 0.7884 0.5908 0.5707 - 0.2101 0.5003 0.0723 
T x H 27 0.0433 0.4628 0.5804 0.2803 0.3062 0.1981 0.5473 1.0000 - 0.4023 0.5117 0.5738 
G x T x H 27 0.1174 0.9274 0.9797 0.9834 0.8669 0.3817 0.6148 0.7841 - 0.3028 0.3747 0.9887 
G x T x H (error 2) 27             
 ANOVA for comparing treatments with control 
B 6 - - - - - - 0.1413 0.7675 0.6426 0.0324 0.0056 0.0570 
G x Treatment (Tr) 16 - - - - - - <0.0001 <0.0001 <0.0001 0.0002 <0.0001 0.0037 
G x Tr (error) 16             
aNo data collected in control plots, bNo data collected in control plots in 2008 only, cNo data collected in the RU NT or RU ST treatments, Significant when P ≤ 0.05.   
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Table 7. (continued) 
Treatment df 
Weed 
densitya G DMa G Na G Pa G Ka G Totb dR1 dR6 
LAI    
V6 
LAI 
V12 
LAI    
R1 
LAI    
R3 
 _________________________________________________________________________________ P > F ________________________________________________________________________________ 
 2009 
 ANOVA for comparing between treatments without control 
B 6 0.0014 0.2435 0.1923 0.5458 0.0797 0.0809 0.4251 0.3907 0.2432 0.4285 0.0512 0.0334 
G 6 0.1273 0.0159 0.0146 0.0172 0.0097 0.7449 0.0086 0.0176 0.2515 0.0165 0.2633 0.3195 
B x G (error 1) 6             
T 27 0.7220 0.2060 0.0523 0.0438 0.0413 <0.0001 0.3478 0.4527 0.3957 0.8227 0.0591 0.2988 
G x T 27 0.5732 0.0272 0.0223 0.0206 0.0059 0.6763 0.5993 0.3754 0.8689 0.8816 0.2276 0.5367 
H 27 0.0038 <0.0001 <0.0001 <0.0001 <0.0001 0.0332 0.0079 <0.0001 0.0318 <0.0001 0.0039 0.9711 
G x H 27 0.3621 0.0262 0.0365 0.0417 0.0606 0.2811 0.2274 0.8656 0.0527 0.4536 0.0986 0.3712 
T x H 27 0.5399 0.2114 0.1025 0.1228 0.0425 0.9628 0.8924 0.0675 0.1077 0.7302 0.5625 0.5466 
G x T x H 27 0.8332 0.8762 0.8581 0.8617 0.4409 0.3392 0.7446 0.5664 0.7835 0.6071 0.6496 0.7489 
G x T x H (error 2) 27             
 ANOVA for comparing treatments with control 
B 6 - - - - - 0.1144 0.3824 0.3489 0.5230 0.5449 0.2371 0.0136 
G x Tr 16 - - - - - <0.0001 <0.0001 <0.0001 0.0334 0.0033 0.0575 0.5951 
G x Tr (error) 16             
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Table 8.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for weed density, groundcover (G) dry matter (DM), groundcover N, P, 
and K uptake, and percent total groundcover (G Tot) in 2008 near Ames, IA. 
Treatment 
Weed 
density
a
 G DM
a
 G N
a
 G P
a
 G K
a
 G Tot
a
 
 no. m
-2
 kg ha
-1
 kg ha
-1
 kg ha
-1
 kg ha
-1
 percent 
Control (C) - - - - - - 
CF PQ NT 2 3035 63 10.8 54 98 
CF PQ ST 3 2667 55 9.0 44 90 
CF RU NT 3 2619 45 8.0 30 98 
CF RU ST 3 2617 42 7.9 30 85 
KB PQ NT 4 1262 24 4.0 16 96 
KB PQ ST 7 1238 26 3.7 15 84 
KB RU NT 5 1973 34 5.7 20 96 
KB RU ST 1 2268 40 6.5 22 82 
MX PQ NT 2 3257 67 11.1 50 98 
MX PQ ST 3 3109 65 10.9 48 89 
MX RU NT 1 2905 49 8.5 32 97 
MX RU ST 1 2825 49 9.4 35 89 
 
_________________________________________  
Pr > t 
________________________________________ 
CF vs. KB 0.1783 0.0057 0.0023 0.0101 0.0062 0.2137 
CF vs. MX 0.2844 0.4034 0.2384 0.5082 0.9311 0.9230 
KB vs. MX 0.0222 0.0016 0.0006 0.0032 0.0043 0.1314 
PQ vs. RU 0.0987 0.5313 0.0476 0.3618 0.0025 0.1707 
NT vs. ST 0.9460 0.7490 0.7858 0.8817 0.6513 <0.0001 
C vs. CF PQ NT - - - - - - 
C vs. CF PQ ST - - - - - - 
C vs. CF RU NT - - - - - - 
C vs. CF RU ST - - - - - - 
C vs. KB PQ NT - - - - - - 
C vs. KB PQ ST - - - - - - 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,     
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
a
No data collected in control plots.  Significant when P ≤ 0.05. 
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Table 8. (continued) 
Treatment 
Weed 
density
a
 G DM
a
 G N
a
 G P
a
 G K
a
 G Tot 
 
________________________________________
 Pr > t 
_________________________________________
 
C vs. KB RU NT - - - - - - 
C vs. KB RU ST - - - - - - 
C vs. MX PQ NT - - - - - - 
C vs. MX PQ ST - - - - - - 
C vs. MX RU NT - - - - - - 
C vs. MX RU ST - - - - - - 
CF PQ NT vs. CF PQ ST 0.8682 0.3806 0.3305 0.2554 0.1576 0.0019 
CF PQ NT vs.  CF RU NT 0.6192 0.3233 0.0326 0.0791 0.0020 0.8310 
CF PQ ST vs.  CF RU ST 0.7401 0.9058 0.1206 0.4802 0.0608 0.0403 
CF RU NT vs. CF RU ST 1.0000 0.9962 0.7359 0.9579 0.9921 <0.0001 
KB PQ NT vs. KB PQ ST 0.0544 0.9540 0.8680 0.8406 0.8971 <0.0001 
KB PQ NT vs. KB RU NT 0.6192 0.0964 0.2236 0.2738 0.5886 0.8310 
KB PQ ST vs. KB RU ST 0.0010 0.0190 0.0969 0.0703 0.3203 0.2908 
KB RU NT vs. KB RU ST 0.0383 0.4805 0.5264 0.5772 0.7406 <0.0001 
MX PQ NT vs. MX PQ ST 0.7401 0.7228 0.8444 0.8677 0.8020 0.0005 
MX PQ NT vs.  MX RU NT 0.6192 0.4019 0.0350 0.0867 0.0192 0.5945 
MX PQ ST vs.  MX RU NT 0.1912 0.4976 0.0588 0.3477 0.0733 0.9150 
MX RU NT vs. MX RU ST 0.6192 0.8473 0.9620 0.5185 0.7118 0.0014 
63 
 
Table 9.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for weed density, groundcover (G) dry matter (DM), groundcover N, P, 
and K uptake, and percent total groundcover (G Tot) in 2009 near Ames, IA. 
Treatment 
Weed 
density
a
 G DM
a
 G N
a
 G P
a
 G K
a
 G Tot 
 no. m
-2
 kg ha
-1
 kg ha
-1
 kg ha
-1
 kg ha
-1
 percent 
Control (C) - - - - - 54 
CF PQ NT 8 1139 24 3.5 11 94 
CF PQ ST 8 829 17 2.5 7 81 
CF RU NT 5 2447 52 7.5 21 96 
CF RU ST 6 1788 35 5.2 13 88 
KB PQ NT 13 592 12 1.8 5 91 
KB PQ ST 9 740 14 2.1 6 84 
KB RU NT 5 1250 26 3.9 9 96 
KB RU ST 4 1278 24 3.8 9 88 
MX PQ NT 7 984 21 2.9 10 94 
MX PQ ST 7 1141 24 3.2 13 87 
MX RU NT 3 1657 35 5.2 17 96 
MX RU ST 4 1586 32 4.6 14 85 
 
_________________________________________  
Pr > t 
________________________________________ 
CF vs. KB 0.6974 0.0139 0.0132 0.0145 0.0182 0.9860 
CF vs. MX 0.3298 0.3614 0.4245 0.2985 0.9585 0.8319 
KB vs. MX 0.1163 0.0808 0.0640 0.1048 0.0134 0.7463 
PQ vs. RU 0.0038 <0.0001 <0.0001 <0.0001 <0.0001 0.0332 
NT vs. ST 0.7220 0.2060 0.0523 0.0438 0.0413 <0.0001 
C vs. CF PQ NT - - - - - <0.0001 
C vs. CF PQ ST - - - - - <0.0001 
C vs. CF RU NT - - - - - <0.0001 
C vs. CF RU ST - - - - - <0.0001 
C vs. KB PQ NT - - - - - <0.0001 
C vs. KB PQ ST - - - - - <0.0001 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,     
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
a
No data collected in control plots.  Significant when P ≤ 0.05. 
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Table 9. (continued) 
Treatment 
Weed 
density
a
 G DM
a
 G N
a
 G P
a
 G K
a
 G Tot 
 
________________________________________
 Pr > t 
_________________________________________
 
C vs. KB RU NT - - - - - <0.0001 
C vs. KB RU ST - - - - - <0.0001 
C vs. MX PQ NT - - - - - <0.0001 
C vs. MX PQ ST - - - - - <0.0001 
C vs. MX RU NT - - - - - <0.0001 
C vs. MX RU ST - - - - - <0.0001 
CF PQ NT vs. CF PQ ST 0.8740 0.1730 0.1377 0.1061 0.0857 0.0018 
CF PQ NT vs.  CF RU NT 0.4304 <0.0001 <0.0001 <0.0001 <0.0001 0.5240 
CF PQ ST vs.  CF RU ST 0.4774 0.0002 0.0007 0.0002 0.0118 0.0597 
CF RU NT vs. CF RU ST 0.8120 0.0062 0.0014 0.0017 0.0004 0.0392 
KB PQ NT vs. KB PQ ST 0.1848 0.5094 0.5605 0.5836 0.6549 0.0557 
KB PQ NT vs. KB RU NT 0.0112 0.0063 0.0041 0.0031 0.0892 0.2451 
KB PQ ST vs. KB RU ST 0.1399 0.0223 0.0430 0.0181 0.1452 0.2868 
KB RU NT vs. KB RU ST 0.8740 0.8983 0.6759 0.8637 0.8515 0.0452 
MX PQ NT vs. MX PQ ST 1.0000 0.4828 0.6049 0.6367 0.1996 0.0732 
MX PQ NT vs.  MX RU NT 0.2723 0.0053 0.0073 0.0014 0.0051 0.5240 
MX PQ ST vs.  MX RU NT 0.3863 0.0548 0.0842 0.0372 0.7424 0.5026 
MX RU NT vs. MX RU ST 0.8120 0.7557 0.5626 0.3875 0.1734 0.0038 
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Table 10.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for days after planting (DAP) to 50% silking (dR1), DAP to maturity 
(dR6), leaf area index (LAI) at growth stages V6, V12, R1, and R3 in 2008 near Ames, IA. 
Treatment dR1 dR6 LAI V6
a
 LAI V12 LAI R1 LAI R3 
Control (C) 75 147 1.61 2.68 2.38 1.66 
CF PQ NT 83 151 0.17 1.13 1.83 1.38 
CF PQ ST 83 151 0.20 1.20 1.75 1.44 
CF RU NT 84 152 -
a
 0.90 1.12 0.76 
CF RU ST 84 152 - 0.85 1.06 0.88 
KB PQ NT 81 148 0.57 1.76 2.44 1.51 
KB PQ ST 80 148 0.64 1.83 2.03 1.34 
KB RU NT 83 150 - 1.80 1.71 1.30 
KB RU ST 83 150 - 1.87 1.80 1.24 
MX PQ NT 83 152 0.24 1.66 1.73 1.56 
MX PQ ST 83 151 0.27 1.42 1.97 1.35 
MX RU NT 84 152 - 0.86 1.07 1.01 
MX RU ST 84 152 - 1.32 1.17 0.90 
 
__________________________________________  
Pr > t 
__________________________________________ 
CF vs. KB 0.0094 0.0003 0.0003 0.0047 <0.0001 0.5205 
CF vs. MX 1.0000 0.8047 0.3693 0.2098 05586 0.9007 
KB vs. MX 0.0094 0.0002 0.0009 0.0383 <0.0001 0.7654 
PQ vs. RU 0.0018 0.0005 - 0.0512 <0.0001 <0.0001 
NT vs. ST 0.6877 0.7437 0.1593 0.5834 0.8537 0.4261 
C vs. CF PQ NT <0.0001 <0.0001 <0.0001 <0.0001 0.0088 0.2759 
C vs. CF PQ ST <0.0001 <0.0001 <0.0001 <0.0001 0.0033 0.3904 
C vs. CF RU NT <0.0001 <0.0001 - <0.0001 <0.0001 0.0016 
C vs. CF RU ST <0.0001 <0.0001 - <0.0001 <0.0001 0.0048 
C vs. KB PQ NT <0.0001 0.0957 <0.0001 0.0026 0.7640 0.5517 
C vs. KB PQ ST <0.0001 0.0393 <0.0001 0.0049 0.0911 0.2145 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,     
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
a
No data collected in RU NT and RU ST treatments.  Significant when P ≤ 0.05. 
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Table 10. (continued)       
Treatment dR1 dR6 LAI V6
a
 LAI V12 LAI R1 LAI R3 
 
_________________________________________
 Pr > t 
_________________________________________
 
C vs. KB RU NT <0.0001 0.0001 - 0.0039 0.0020 0.1561 
C vs. KB RU ST <0.0001 0.0001 - 0.0072 0.0064 0.1015 
C vs. MX PQ NT <0.0001 <0.0001 <0.0001 0.0010 0.0026 0.6835 
C vs. MX PQ ST <0.0001 <0.0001 <0.0001 <0.0001 0.0478 0.2216 
C vs. MX RU NT <0.0001 <0.0001 - <0.0001 <0.0001 0.0161 
C vs. MX RU ST <0.0001 <0.0001 - <0.0001 <0.0001 0.0060 
CF PQ NT vs. CF PQ ST 1.0000 0.6775 0.5392 0.8100 0.7392 0.7504 
CF PQ NT vs.  CF RU NT 0.3093 0.1034 - 0.4202 0.0035 0.0025 
CF PQ ST vs.  CF RU ST 0.1313 0.2174 - 0.2283 0.0041 0.0053 
CF RU NT vs. CF RU ST 0.6088 1.0000 - 0.8656 0.7814 0.5431 
KB PQ NT vs. KB PQ ST 0.1313 0.6775 0.2037 0.8031 0.0797 0.3775 
KB PQ NT vs. KB RU NT 0.2060 0.0173 - 0.8726 0.0028 0.2595 
KB PQ ST vs. KB RU ST 0.0080 0.0443 - 0.8796 0.3060 0.5695 
KB RU NT vs. KB RU ST 1.0000 1.0000 - 0.8100 0.6897 0.7504 
MX PQ NT vs. MX PQ ST 0.7977 0.2174 0.5701 0.4003 0.2909 0.2704 
MX PQ NT vs.  MX RU NT 0.2060 0.4076 - 0.0076 0.0057 0.0067 
MX PQ ST vs.  MX RU NT 0.4440 0.1034 - 0.7086 0.0012 0.0235 
MX RU NT vs. MX RU ST 0.7977 0.6775 - 0.1111 0.6336 0.5606 
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Table 11.  Treatment means and probability values for groundcover, tillage, herbicide, and 
their interactions for days after planting (DAP) to 50% silking (dR1), DAP to maturity 
(dR6), leaf area index (LAI) at growth stages V6, V12, R1, and R3 in 2009 near Ames, IA. 
Treatment dR1 dR6 LAI V6 LAI V12 LAI R1 LAI R3 
Control (C) 78 142 0.71 3.69 4.42 3.44 
CF PQ NT 83 145 0.38 2.95 4.02 3.01 
CF PQ ST 84 144 0.40 2.76 3.91 2.94 
CF RU NT 85 146 0.40 2.43 3.40 2.88 
CF RU ST 85 146 0.41 2.49 3.43 2.99 
KB PQ NT 80 144 0.52 3.35 4.29 3.23 
KB PQ ST 80 143 0.68 3.40 3.72 3.20 
KB RU NT 81 145 0.44 3.01 4.12 3.42 
KB RU ST 81 146 0.38 2.82 3.84 3.32 
MX PQ NT 84 145 0.43 3.03 4.02 3.32 
MX PQ ST 83 144 0.49 3.21 3.98 3.02 
MX RU NT 84 146 0.42 2.41 3.76 3.10 
MX RU ST 83 146 0.39 2.35 3.60 2.99 
 
__________________________________________  
Pr > t 
__________________________________________ 
CF vs. KB 0.0103 0.0222 0.2360 0.0180 0.2377 0.2928 
CF vs. MX 0.8181 0.9263 0.8167 0.7643 0.6429 0.7467 
KB vs. MX 0.0201 0.0345 0.4838 0.0416 0.6581 0.6504 
PQ vs. RU 0.0079 <0.0001 0.0318 <0.0001 0.0039 0.9711 
NT vs. ST 0.3478 0.4527 0.3957 0.8227 0.0591 0.2988 
C vs. CF PQ NT <0.0001 <0.0001 0.0024 0.0142 0.2195 0.1290 
C vs. CF PQ ST <0.0001 0.0002 0.0045 0.0026 0.1234 0.0794 
C vs. CF RU NT <0.0001 <0.0001 0.0048 <0.0001 0.0053 0.0529 
C vs. CF RU ST <0.0001 <0.0001 0.0054 0.0002 0.0066 0.1095 
C vs. KB PQ NT 0.0299 0.0097 0.0645 0.2359 0.6849 0.4420 
C vs. KB PQ ST 0.1357 0.0762 0.7813 0.3136 0.0401 0.3814 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,     
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
Significant when P ≤ 0.05. 
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Table 11. (continued)       
Treatment dR1 dR6 LAI V6 LAI V12 LAI R1 LAI R3 
 
_________________________________________
 Pr > t 
_________________________________________
 
C vs. KB RU NT 0.0053 <0.0001 0.0111 0.0234 0.3356 0.9346 
C vs. KB RU ST 0.0053 <0.0001 0.0029 0.0044 0.0857 0.6428 
C vs. MX PQ NT <0.0001 <0.0001 0.0088 0.0259 0.2250 0.6428 
C vs. MX PQ ST <0.0001 0.0002 0.0383 0.0988 0.1839 0.1332 
C vs. MX RU NT <0.0001 <0.0001 0.0073 <0.0001 0.0527 0.2212 
C vs. MX RU ST <0.0001 <0.0001 0.0035 <0.0001 0.0195 0.1132 
CF PQ NT vs. CF PQ ST 0.7366 0.1602 0.7666 0.5237 0.6505 0.7149 
CF PQ NT vs.  CF RU NT 0.0510 0.0229 0.7441 0.0868 0.0168 0.5137 
CF PQ ST vs.  CF RU ST 0.1004 0.0022 0.9290 0.3624 0.0594 0.8107 
CF RU NT vs. CF RU ST 1.0000 0.6346 0.9526 0.8399 0.8933 0.5973 
KB PQ NT vs. KB PQ ST 0.3168 0.3447 0.0622 0.8597 0.0248 0.8797 
KB PQ NT vs. KB RU NT 0.3168 0.0645 0.3461 0.2682 0.4540 0.3420 
KB PQ ST vs. KB RU ST 0.0510 <0.0001 0.0014 0.0599 0.5998 0.5631 
KB RU NT vs. KB RU ST 1.0000 0.0645 0.5152 0.5183 0.2802 0.5973 
MX PQ NT vs. MX PQ ST 0.5024 0.3447 0.4426 0.5457 0.8689 0.1415 
MX PQ NT vs.  MX RU NT 0.7366 0.0229 0.9290 0.0468 0.2846 0.2834 
MX PQ ST vs.  MX RU NT 1.0000 0.0022 0.2299 0.0069 0.1240 0.8997 
MX RU NT vs. MX RU ST 0.3168 1.0000 0.7218 0.8202 0.5110 0.5887 
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Table 12.  Probability values for grain and whole plant moisture content in 2008 and 2009 
near Ames, IA. 
Treatment df 
Grain 
moisture 
Whole Plant  
moisture
a
  
Grain 
moisture 
Whole Plant  
moisture
a
 
 2008 2009 
 
_________________________________________
 P > F 
________________________________________
 
 ANOVA for comparing treatments without control 
Block (B) 6 0.3155 0.4120  0.0114 0.1869 
Groundcover (G) 6 0.1728 0.6440  0.2408 0.1114 
B x G  (error 1) 6      
Tillage (T) 27 0.7992 0.0523  0.3902 0.0053 
G x T 27 0.0046 0.7722  0.2227 0.1755 
Herbicide (H) 27 0.9656 0.5104  0.2998 0.0273 
G x H 27 0.0836 0.4521  0.0954 0.0129 
T x H 27 0.3173 1.0000  0.4858 0.8432 
G x T x H 27 0.0184 0.8137  0.2366 0.0104 
G x T x H (error 2) 27      
       
 ANOVA for comparing treatments with control 
B 6 0.3760 0.2956  0.0064 0.2177 
G x Treatment (Tr) 16 0.0049 <0.0001  0.2036 0.0014 
G x Tr (error) 16      
a
Determined from approximately a 1-kg subsample from each subplot. 
Significant when P ≤ 0.05.     
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Table 13.  Treatment means and probability values for groundcover, tillage, herbicide, 
and their interactions for grain and whole plant moisture content in 2008 and 2009 near 
Ames, IA. 
Treatment 
Grain 
moisture 
Whole plant 
moisture
a
 
Grain 
moisture 
Whole plant 
moisture
a
 
 2008 2009 
 g kg
-1
 g kg
-1
 g kg
-1
 g kg
-1
 
Control (C) 134 333 75 338 
CF PQ NT 177 446 80 421 
CF PQ ST 181 436 74 405 
CF RU NT 164 443 83 435 
CF RU ST 170 438 81 376 
KB PQ NT 158 438 75 370 
KB PQ ST 154 418 77 332 
KB RU NT 148 449 78 383 
KB RU ST 198 434 80 407 
MX PQ NT 170 437 82 405 
MX PQ ST 158 433 85 394 
MX RU NT 177 440 83 420 
MX RU ST 141 426 77 398 
 
_________________________________________  
Pr > t 
________________________________________ 
CF vs. KB 0.3152 0.4449 0.6028 0.1248 
CF vs. MX 0.1728 0.4193 0.6561 0.9478 
KB vs. MX 0.8808 0.9621 0.2166 0.1860 
PQ vs. RU 0.9656 0.5104 0.2998 0.0273 
NT vs. ST 0.7992 0.0523 0.3902 0.0053 
C vs. CF PQ NT 0.0015 <0.0001 0.2110 0.0012 
C vs. CF PQ ST 0.0007 <0.0001 0.7854 0.0064 
C vs. CF RU NT 0.0232 <0.0001 0.0568 0.0003 
C vs. CF RU ST 0.0068 <0.0001 0.1980 0.0942 
C vs. KB PQ NT 0.0700 <0.0001 0.8443 0.1569 
C vs. KB PQ ST 0.1288 <0.0001 0.6762 0.7853 
CF = creeping red fescue, KB = Kentucky bluegrass, MX = creeping red fescue + white clover mixture,     
PQ = paraquat, RU = roundup, NT = no-till, ST = strip-till 
a
Determined from approximately a 1-kg subsample from each subplot.  Significant when P ≤ 0.05. 
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Table 13. (continued) 
Treatment 
Grain 
moisture 
Whole plant 
moisture
a
 
Grain 
moisture 
Whole plant 
moisture
a
 
 2008 2009 
 
________________________________________
 Pr > t 
_________________________________________
 
C vs. KB RU NT 0.2849 <0.0001 0.4758 0.0509 
C vs. KB RU ST <0.0001 <0.0001 0.2723 0.0047 
C vs. MX PQ NT 0.0072 <0.0001 0.1206 0.0061 
C vs. MX PQ ST 0.0657 <0.0001 0.0258 0.0175 
C vs. MX RU NT 0.0014 <0.0001 0.0623 0.0013 
C vs. MX RU ST 0.5749 <0.0001 0.6578 0.0122 
CF PQ NT vs. CF PQ ST 0.7831 0.4490 0.1052 0.3329 
CF PQ NT vs.  CF RU NT 0.3134 0.8280 0.4544 0.3867 
CF PQ ST vs.  CF RU ST 0.4167 0.8848 0.0973 0.0981 
CF RU NT vs. CF RU ST 0.6349 0.6906 0.4791 0.0013 
KB PQ NT vs. KB PQ ST 0.7654 0.1597 0.5089 0.0291 
KB PQ NT vs. KB RU NT 0.4581 0.4176 0.3292 0.4285 
KB PQ ST vs. KB RU ST 0.0019 0.2376 0.4584 0.0044 
KB RU NT vs. KB RU ST 0.0006 0.2980 0.6712 0.1528 
MX PQ NT vs. MX PQ ST 0.3686 0.7721 0.4265 0.5294 
MX PQ NT vs.  MX RU NT 0.5670 0.8280 0.7174 0.3708 
MX PQ ST vs.  MX RU NT 0.2105 0.6002 0.0503 0.8334 
MX RU NT vs. MX RU ST 0.0096 0.3063 0.1196 0.1931 
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Chapter 4: Corn Water Use in Living Mulch Systems with Stover Removal 
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ABSTRACT 
Corn stover returns nutrients to the soil, decreases soil erosion, and helps maintain overall 
soil properties.  Additionally, corn stover may provide producers an additional market for 
selling biomass, but long term stover removal has been determined to cause detrimental 
environmental effects (Wilhelm et al., 1986; Mann et al., 2002; Nelson, 2002).  Living 
mulches, or perennial groundcovers, grow simultaneously with the main row crop and are 
maintained as living groundcover throughout the growing season.  Groundcovers grown in 
the interrow of row crops can provide beneficial functions such as weed suppression, nutrient 
cycling, and increase water infiltration, but should not disrupt corn development and 
productivity.  The objectives of this research were to quantify soil and plant water use in 
continuous corn with and without a living mulch with stover removal.  Corn was planted into 
living mulch groundcovers of creeping red fescue (CF) (Festuca rubra L.), and Kentucky 
bluegrass (KB) (Poa pratensis L.) in 2008 and 2009 near Ames, IA.  Management was no-
tillage (NT) with a pre-planting paraquat burn-down followed by two post-planting 
glyphosate applications (PQ) during the season.  Kentucky bluegrass (P = 0.3743) was less 
competitive than CF (P = 0.0482) compared to a no living mulch control for soil water 
content (SWC) at the 15 cm soil depth during the vegetative growth period in 2008.   
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Additionally in 2008, both KB (0.3681 m
3
 m
-3
) and CF (0.3696 m
3
 m
-3
) were significant 
compared to a no living mulch control (0.3473 m
3
 m
-3
) for SWC at the 15 cm soil depth 
during the post-maturity period.  There were no significant affects on SWC at the 15 cm level 
among treatments in 2009.  Soil water content at the 45 cm soil depth and soil temperature 
(ST) at the 15 cm soil depth were non-significant among treatments both years.   Living 
mulch did affect leaf area index (LAI) at V6, V12, and R1 in 2008, and only at V6 in 2009.  
Carbon dioxide exchange rate (CER) and corn transpiration rate (TR) were not affected by 
groundcover either year.  Reproductive water use efficiency (RWUE) for KB (50 and 41 g 
grain cm water
-1
) was greater compared to the control (41 and 36 g grain cm water
-1
) by 22 
and 14% in 2008 and 2009, respectively.  Kentucky bluegrass was less competitive than CF 
both years, and used water more efficiently during reproductive growth compared to a no-
living mulch control.  Therefore, KB demonstrates the greatest potential to implementing 
living mulches in a corn bioenergy cropping systems. 
INTRODUCTION 
Producers may harvest stover as a biomass source if the demand for corn derived 
biofuels expands.  Harvesting stover allows the producer to harvest the grain for food and the 
stover for biofuel production.  Corn derived biofuels could replace approximately 30% of 
petroleum consumption in the United States by 2030, with most of the available biomass 
coming from corn stover (Perlack et al., 2005). 
 Continual removal of corn stover can hinder sustainability of the agroecosystem by 
removing soil carbon and soil organic matter, which can then decrease soil productivity, 
decrease soil water holding capacity (Hudson, 1994), and increase the potential for water and 
wind erosion.   Wilhelm et al. (2007) emphasize removing stover on a continual basis can 
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severely deplete soil carbon, which ultimately influences overall soil productivity, structure, 
and fertility.  Furthermore, they estimate 5.25 to 7.58 Mg ha
-1
 yr
-1
 of stover must remain in 
the field to minimize such losses and to maintain current yield expectations in continuous 
corn systems. 
 Using perennial groundcovers may reduce the negative effects that occur with 
continual stover removal.  Living mulches may fill this niche when planted in conjunction 
with the main crop and maintained as perennial groundcover throughout the growing season 
(Hartwig and Ammon, 2002).  Additionally, living mulches may generate numerous 
agroecosystem benefits including reducing soil erosion, increasing soil organic matter, 
improving soil structure and water infiltration, decreasing water runoff, reducing surface 
temperature and soil water evaporation, and ultimately increasing soil productivity (Hall et 
al., 1984; Scott et al., 1987; Unger and Vigil, 1998; and Hartwig and Ammon, 2002). 
 An ideal living mulch will become dormant when corn is actively growing, thus 
minimizing competition for nutrients, light, and water (Zemenchik et al., 2000; and Hartwig 
and Ammon, 2002), and should be manageable with current agronomic practices.  Hill et al. 
(1985) found reduced or no-tilled soils generally retained larger quantities of water than 
conventionally tilled systems.  Broome et al. (2000) determined warm-season grass species 
could be used as perennial groundcover in no-till transgenic corn systems if managed with 
pre- and post-emergent herbicides.  Other studies suggest using a combination of herbicide 
applications and mechanical tillage to control perennial groundcovers and maintain 
competitive corn yields (Johnson et al., 1993; Yenish et al., 1996; Martin et al., 1999; 
Broome et al., 2000; and Wiggans et al., 2010).  Agnew and Carrow (1985) suggest using 
perennial plants such as KB and CF can indirectly benefit corn production systems by 
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suppressing weeds and minimizing herbicide applications.  Additionally, legume perennials 
such as white clover fix nitrogen that may be used by succeeding crops (Bissuel-Belaya et 
al., 2002).   
In contrast, Eberlein et al. (1992) suggest cropping systems that combine living 
mulches and corn may be too risky without irrigation, and to succeed must have a fully 
recharged soil profile at the beginning of the season.  Liedgens et al. (2004a) reported 
dramatically reduced grain and biomass yields when planting corn into a Italian ryegrass 
living mulch.  They concluded the living mulch root system limited corn root development 
and inhibited corn root penetration for water.   
We hypothesize soil water will be a limiting factor due to inter-species competition 
and will consequently delay corn development and decrease corn yields.  Moreover, our 
objectives for this study were to quantify soil and plant water use when growing corn with 
and without a living mulch groundcover of CF or KB, to assess the competitive effects 
between the living mulch and corn during different corn growth stages, and to evaluate water 
use efficiency of corn during reproductive growth. 
MATERIALS AND METHODS 
Field research was conducted in 2008 and 2009 on the Iowa State University 
Agronomy and Agricultural Engineering Sorenson Research Farm near Ames, IA (420.7 N, 
9346 W) on a Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) soil.  The 
research area was previously in a corn-soybean rotation.  Soybean was mowed with a rotary 
cutter on 25 July 2006.  Plots were disked 31 July 2006 and 08 Aug 2006, then field 
cultivated on 15 Aug 2006 with a three-bar field cultivator containing 17 cm sweeps and a 
three-bar harrow attachment to a depth of 8-cm.  Living mulch species were planted 21 Aug 
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2006 in ten 20 cm rows with double disk openers and 5-cm wide press wheels, and then 
rolled with a 2.1 m wide pulverizer/packer with 52 cm notched ductile iron roller wheels.  
Kentucky bluegrass and creeping red fescue were seeded at 49 and 56 kg ha
-1
, respectively.  
Corn was planted 14 May 2007 in five 0.76 m rows at 81510 seeds ha
-1
 to establish a history 
of continuous corn.  Soil test levels in August 2006 in the surface 20 cm measured 21.8 mg 
kg
-1
 P and 156 mg kg
-1
 K using Mehlich-3, pH of 6.6, and 48 g kg
-1
 organic matter.   
Treatments used in this study were a subset of treatments from a larger experiment.  
Details of the larger experiment are described in full in Wiggans et al. (2010).  Treatments 
used in this study included the no-living mulch groundcover control, corn in a Kentucky 
bluegrass living mulch, and corn in a creeping red fescue living mulch.  All treatments were 
managed using no-till.  The control was maintained weed free using glyphosate [N - 
(phosphonomethyl) glycine] (Roundup WeatherMAX, Monsanto, St. Louis, MO) broadcast 
at a rate of 1.0 kg a.i. ha
-1
 over the plot.  The groundcover plots had paraquat dichloride [1, 
1‟-dimethly-4, 4‟-bipyridinium dichloride] (Gramoxone Inteon, Syngenta Crop Protection, 
Inc., Greensboro, NC) broadcast pre-emergence at a rate of 0.84 kg a.i. ha
-1 
over the plot.  All 
plots received post-planting glyphosate 25 cm bands over the corn row on 19 and 30 June 
2008, and 22 May, and 12 June 2009 to suppress re-growth of living mulch species and for 
weed control. 
„Pioneer Brand 34A20‟ corn hybrid was planted on 16 May 2008 and 05 May 2009 at 
86450 seeds ha
-1
 in five 0.76 m rows at a target seeding depth of 5-cm.  A fertilizer point-
injector (Baker et al., 1989; and Vetsch and Randall, 2000) was used to sidedress 202 and 
168 kg nitrogen (N) as urea ammonium nitrate (UAN) on 19 June 2008 and 04 June 2009, 
respectively.  In 2009, an additional 39 kg of UAN were applied at planting with a planter-
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disk opener.  Soil fertility amendments were applied 25 Nov 2008 and 16 Nov 2009 by 
applying diammonium phosphate + potash at a rate of 19-39-223 (N-P-K) kg ha
-1
 with a 
coulter-knife injector to ensure nutrient sufficiency.  Annually, seven soil cores were 
collected in the surface 20 cm from each control plot and a composite sample was processed 
to verify nutrient sufficiency. 
Stevens Hydra Probe II Soil Moisture Sensors (Stevens Water Monitoring Systems, 
Inc., Portland, OR) were installed in the control, CF, and KB living mulch treatments.  
Sensors were buried in April of 2008 at 15 and 45 cm in replicates 1, 3, and 4 approximately 
3 m from the end of the plot and offset 38 cm from the non-trafficked center row.  Data were 
collected every hour and averaged over a 24 h period to provide a reading for volumetric soil 
water (m
3
 m
-3
) and soil temperature (°C) per day using a CR5000 datalogger (Campbell 
Scientific, Inc., Logan, UT).   
Corn phenology was determined from emergence to maturity utilizing Ritchie et al. 
(1996).  Six plants per subplot, three in row two and three in row four, were marked and 
staged weekly to determine growth stage.  Phenology during the reproductive growth period 
was assessed by peeling back the husks of the marked plants and removing 10 to 15 kernels 
per ear.  Husks were then returned to the normal position to minimize environmental effects 
on the exposed ear.  Leaf area index was measured with a LAI-2000 Plant Canopy Analyzer 
(LI-COR, Inc., Lincoln, NE) at V6, V12, R1, and R3 in 2008 and 2009.  Corn leaf area was 
determined by collecting one measurement above the corn canopy and four measurements 
diagonally across a non-trafficked interrow below the corn canopy.  Carbon dioxide 
exchange rate (µmol m
-2
 s
-1
) and transpiration (mmol m
-2
 s
-1
) were measured in 2008 and 
2009 using a portable open path IRGA (LI-6400, LI-COR, Inc., Lincoln, NE).  
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Measurements were taken at V6, V12, R1, and R3 on four consecutive days, weather 
permitting, between 1030 and 1330 h.  Three leaves per plot were measured on the adaxial 
surface of the upper most leaf with an exposed collar until silking (R1), when measurements 
were made on the leaf directly above the ear.  The LI-6400 was set at a flow rate of 500 µmol 
s
-1
, CO2 concentration of 380 µmol mol
-1
, and leaf boundary layer conductance of 2.84 mol 
m
-2
 s
-1
.  Photosynthetically active radiation (PAR) exceeded 1200 µmol m
-2
 s
-1
 during all 
measurements. 
Plant transpiration was measured from R1 to physiological maturity (R6) using 
Dynagage Sap Flow Sensors (Dynamax Inc., Houston, TX).  Transpiration data are presented 
by growth stage using the phenology data.  Sensors were installed on five consecutive corn 
plants approximately 30 cm above the soil surface in the non-trafficked center row of the KB 
and control subplots in one replicate.  Sensors were insulated with foam and covered with 
foil to minimize environmental influences on water movement through the stem.  In 2008, a 
combination of 25 and 19 mm sensors were used and in 2009 only 19 mm sensors were used.  
Input voltage was set at 4.5 V for all sensors both years.  Stem diameter was determined by 
averaging two measurements, one measurement on opposite sides, around the plant stem with 
electronic calipers (MEDA Superior Import, Series – 725) approximately 30 cm above the 
soil surface.  Sap flow was measured using an energy balance method determined by a 
constant heat source applied to the heater within the sensor (Sakuratani, 1981).  Two 
thermocouples, one below and one above the heater strip, measured temperature differences 
as water flowed through the stem past the sensor, and concurrently measured the conducted 
stem heat transfer.  Additionally, a thermopile measured radial heat loss through the stem.  
Sap flow was measured every 60 s and averaged every 12 min with a CR10X datalogger 
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(Campbell Scientific, Inc., Logan, UT).  Data collected from 0600 to 2000 h were used to 
calculate daily plant transpiration.  All sensors were moved approximately every 17 days and 
placed on the next five consecutive plants of the center row.   
At R6, corn above ground dry matter (DM) was sampled from 1.0 m
2
 in each subplot 
on 25 Oct 2008 and 16 Oct 2009.  Plant material was harvested above the brace roots.  Grain 
was separated from the stover to determine grain yield.  Grain yield was adjusted to 155 g kg
-
1
 moisture content.  Grain mass for reproductive water use efficiency (RWUE) is presented 
on a dry matter basis (ASAE S352.2, 2008).  Reproductive water use efficiency was 
calculated as the dry grain mass divided by total corn water use from R1 to R6.   
Living mulch groundcover shoot (G) DM was collected after machine harvest on 30 
Oct 2008 and 26 Oct 2009.  All groundcover shoot material was clipped at the soil surface in 
two 0.38 m
2
 areas and composited.  Shoot DM was dried at 70C until constant weight.  
Daily rainfall and mean air temperature were downloaded from the Iowa Environmental 
Mesonet NWS COOP 8WSW weather station located approximately 2 km from the research 
site. 
All soil-plant-water data were analyzed by using PROC MIXED of the Statistical 
Analysis System Version 9.1 (SAS Inc., 2004).  Soil water content at 15 and 45 cm and the 
15 cm soil temperature were divided into four distinct seasonal periods: (i) pre-plant (PP) 
occurred from May 1 until corn emergence, (ii) vegetative (VG) occurred from emergence 
until corn reached reproductive growth, (iii) reproductive (RP) occurred from R1 to R6, and 
(iv) post-maturity (PM) occurred from R6 to November 30, each year.  A first order 
autoregressive model was used for SWC and ST repeated measures analysis with replicate, 
groundcover, and treatment as fixed factors.   Leaf area index, CER, and TR were analyzed 
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using PROC MIXED in SAS with replicate, groundcover, and treatment as fixed effects.  
Degrees of freedom for all data were adjusted using the Satterthwaite approximation, and P-
values were adjusted utilizing Tukey‟s probability adjustments.  Because sap flow data were 
only collected in one replicate, standard errors were generated to compare treatments.  
Standard errors were calculated by determining the standard deviation among sensors during 
each growth stage within each plot, and dividing by the square root of the number of sensors 
(√5).  Effects were considered significant if P-values were ≤ 0.05. 
RESULTS AND DISCUSSION 
Above average winter snowfall and early season rainfall in 2008 delayed planting and 
herbicide treatments for two-to-three weeks (Table 1).  The treatment response in 2008 
compared to 2009 is largely due to the delayed herbicide application, which increased living 
mulch biomass and increased competition with corn (Figure 1).   
Soil water content and soil temperature 
 In 2008, groundcover significantly affected SWC at 15 cm during RP and PM.  The 
control contained the least amount of SWC across all periods.  Soil moisture loss from the 
control was probably a result of soil water evaporation.  Creeping red fescue maintained 
greater SWC compared to the control and KB during all growth periods, possibly due to 
greater infiltration and reducing soil water evaporation.  The control was significant 
compared to CF during VG and PM, and was different compared to KB during PM at 15 cm 
(Figure 2 and Table 2).  Soil water content averaged 0.3749, 0.3783, 0.3634, and 0.3617 m
3
 
m
-3
 for PP, VG, RP, and PM, respectively.  Soil temperature for the season averaged 15.1 °C, 
across treatments.  Groundcover significantly affected ST during VG (P = 0.0021), and the 
control was significant compared to CF during VG (P = 0.0019, Figure 4).  In 2009, there 
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were no significant effects on SWC at either depth during the four growth periods (Table 3).  
Additionally, ST was not affected by living mulches during any growth period, and there 
were no significant treatment comparisons among groundcover species.  Averaged across 
treatments, SWC at 15 and 45 cm was 0.3144 and 0.3342 m
3
 m
-3
, respectively, and ST 
averaged 14.9 °C during the growing season (Table 4). 
Each growing season began with a fully recharged soil profile approximately at field 
capacity (0.40 m
3
 m
-3
; Figures 2, 3, 5, and 6).  Only towards the end of VG and going into 
RP during 2009 (at both 15 and 45 cm), did SWC decline below 0.25 m
3
 m
-3 
(Figure 5), 
particularly in CF at 15 cm and the control at 45 cm.  This amount of SWC is considered to 
be within the range for plant available water (PAW; Hudson, 1994).  During these periods, 
corn was fully canopied and transpiration possibly accounted for most of the SWC use.  At 
no time did SWC decrease below the permanent wilting point (PWP; 0.15 m
3
 m
-3
; Hudson, 
1994) in either year.  Ochsner et al. (2010) reported similar results.  In a herbicide no-till 
managed corn control, soil water was depleted 29 to 36 mm greater than a herbicide no-till 
kura clover living mulch.  Furthermore, they believed as corn developed transpiration 
accounted for most of the water depletion, and hypothesized the living mulch delayed corn 
root development thereby reducing its ability to deplete soil moisture.   
When not adequately suppressed with tillage or herbicide applications, weeds have 
been shown to interfere with corn development and subsequent grain yields.  Although 
considered beneficial, living mulches may impede corn growth and development similar to 
weeds, and should be controlled as such to minimize competition for light, nutrients, and 
water.  Liedgens et al. (2004a) reported a decrease in yield up to 78% when not adequately 
suppressing an Italian ryegrass (Lolium multiflorum Lam.) living mulch in corn, and 
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concluded water was a critical limiting factor in corn development.  Hall et al. (1992) 
determined the critical period for corn development varies between the 3
rd
 and 14
th
 leaf stage, 
which are included in our VG period.  They further concluded weed interference can reduce 
corn leaf area, increase senescence of lower leaves, reduce the availability of PAR to lower 
leaves, and deplete soil moisture levels.  Our data suggest KB and CF did not compete for 
SM or delay corn development (Figures 2, 3, 5 and 6), and confirms SWC availability during 
VG and RP is vital to produce comparable yields (Figure 1).  
Liedgens et al. (2004a) suggested living mulches can limit corn root penetration with 
depth resulting in water stress, thus lowering yields.  However, Zemenchik et al. (2000) 
reported corn roots continue to grow by accessing deeper soil moisture when water is limited 
near the surface.  Hudson (l994) found a linear relationship between increased soil organic 
matter and increased soil water holding capacity.  Our data suggests, albeit a fully recharged 
soil profile both years, groundcovers did not limit corn water use at either depth, and likely 
increased soil water holding capacity due to the increased organic matter from the living 
mulches. 
Leaf area index 
 In 2008, groundcover significantly affected LAI at V6, V12, and R1 (Table 2).  The 
control was significantly different than CF and KB at V6 and V12, and CF was significantly 
different than KB at V12 and R1.  Living mulch groundcover height was equivalent to corn 
height at V6 in the CF and KB treatments, therefore, it is imperative to control the living 
mulch during early stages of corn growth to minimize competition for needed resources.  
Wiggans et al. (2010) reported a reduction in corn grain yield and stover dry matter when 
living mulches were not managed timely (Figure 1). 
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In 2009, groundcover significantly affected LAI at V6 (Table 3).  The only significant 
treatment comparison was between the control and CF at V6 (P = 0.0390).   Corn in the 
control developed the highest LAI followed by KB and CF at all growth stages during 2008 
and 2009, except at R1 in 2008.  Small hail on 28 July 2008 destroyed leaf tissue, thus 
lowered the maximum LAI at R1 in 2008. 
Carbon dioxide exchange rate 
 Groundcover did not significantly affect corn CER in 2008 and 2009.  Additionally, 
there were no significant comparisons among treatments either year (Tables 2 and 3).  
Carbon dioxide exchange rate averaged 45.9 and 44.2 µmol m
-2
 s
-1
 at V6, 38.6 and 33.1 µmol 
m
-2
 s
-1
 at V12, 33.8 and 33.5 µmol m
-2
 s
-1
 at R1, and 25.4 and 29.2 µmol m
-2
 s
-1
 at R3 in 2008 
and 2009, respectively (Table 4).   
Transpiration rate 
 There were no groundcover main effects or treatment comparisons for TR in 2008 or 
2009 (Tables 2 and 3).  Average corn TR was 6.1 and 6.4 mmol m
-2
 s
-1
 in 2008 and 2009, 
respectively.  The control had the highest TR at V6 and R1, CF the highest at V12 and R3 in 
2008.  In 2009 the control was the highest at V6, CF at V12, KB at R1 and R3 (Table 4).   
Whole – plant water use 
Corn whole-plant transpiration was measured throughout reproductive growth for the 
control and Kentucky bluegrass in 2008 and 2009 (Table 5).  Total transpiration in the 
control in 2008 was 27.0 ± 3.8 cm during 74 d of reproductive growth.  Kentucky bluegrass 
transpired 15.9 ± 3.9 cm of water during 71 d of reproductive growth.  Kentucky bluegrass 
transpired less water compared to the control and also produced less yield in 2008 (Figure 1).  
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In 2009, KB (26.6 ± 5.6 cm) utilized similar water amounts compared to the control (28.4 ± 
3.5 cm) and produced comparable yields (Table 5).   
Reproductive water use efficiency (RWUE) was determined for corn in the control 
and Kentucky bluegrass treatments between R1 and R6 both years (Table 6).  In 2008, the 
control produced the greatest dry grain mass and used the most water compared to KB.  
Kentucky bluegrass produced 50 g grain dry mass per cm water compared to the control, 
which produced 41 g grain dry mass per cm water, indicating a 22% increase of RWUE for 
KB, however, yields were significantly lower in KB compared to the control (Figure 1).  In 
2009, KB produced more dry grain mass but used less water compared to the control.  Again, 
KB had 14% higher RWUE compared to the control, and yields were comparable in 2009 
(Figure 1, Wiggans et al., 2010).   
Similar studies suggest cover crops and living mulches can decrease soil water 
evaporation and increase water infiltration when planted in row crops (Scott et al., 1987; 
Unger and Vigil, 1998; and Hartwig and Ammon, 2002).  Water run-off was not directly 
measured, but our data suggests a relationship between rainfall and water infiltration 
increasing SWC similarly at the 15 cm soil depth during VG, RP, and PM both years 
(Figures 2 and 5).  We speculate that SWC loss was a result of soil water evaporation in the 
control, and result of living mulch transpiration during PP and VG.  However, as corn 
matured through VG, SWC loss became a result of corn transpiration.  As corn matured, LAI 
increased as more leaves developed.  Increased LAI allowed for greater water transpiration, 
and accounted for SWC loss both years at the 15 cm soil depth. 
Whole – plant transpiration was greater for the control compared to KB in 2008.  The 
control and KB were similar in 2009 (Table 5).  Reproductive growth from R1 to R2 had 
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greater transpiration during a shorter growth period compared to all other growth stages for 
the control (0.54 cm d
-1
) and KB (0.37 cm d
-1
) in 2008.  In 2009, R1 – R2 was the second 
longest growth period and accounted for the most water use, with the control transpiring 0.69 
cm d
-1
 and KB transpiring 0.54 cm d
-1
.  Leaf area was at a maximum during this growth 
stage, thus provided the greatest potential for transpiration and SWC use compared to other 
reproductive growth stages both years. 
CONCLUSIONS 
The impacts of Kentucky bluegrass and creeping red fescue on soil water were 
minimal, although both growing seasons started with a fully charged soil profile.  
Additionally living mulches, as perennial groundcovers, enhanced recharge after harvest and 
exhibited minimal plant stresses due to competition.  Kentucky bluegrass exhibited the least 
competitive effects on water and light compared to CF, and enhanced water use efficiency 
compared to a no-living mulch control during corn reproductive growth.  Additional research 
under varying management and climatic conditions will further quantify the risk of living 
mulch groundcover systems on water usage and resource competition when growing 
continuous corn with stover removal. 
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LIST OF FIGURES 
Figure 1.  Grain yield, stover dry matter (DM), and living mulch groundcover DM for 
continuous corn grown without a living mulch (C) and corn grown in a living 
mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) near Ames, IA in 
2008 and 2009.  Groundcover was managed with a combination of no-tillage (NT) 
and paraquat (PQ) herbicide treatments. 
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Figure 2.  Daily soil water content (m
3
 m
-3
) at the 15 cm soil depth and total daily rainfall 
(cm) for continuous corn grown without a living mulch (C) and corn grown in a 
living mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) during four 
seasonal intervals (Pre-planting, Vegetative, Reproductive, and Post-maturity) in 
2008 near Ames, IA.  Groundcovers were managed with a combination of no-
tillage (NT) and paraquat (PQ) herbicide treatments.  Vertical error bar is the 
standard error to compare treatments within a seasonal interval.   
Figure 3.  Daily soil water content (m
3
 m
-3
) at the 45 cm soil depth and total daily rainfall 
(cm) for continuous corn grown without a living mulch (C) and corn grown in a 
living mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) during four 
seasonal intervals (Pre-planting, Vegetative, Reproductive, and Post-maturity) in 
2008 near Ames, IA.  Groundcovers were managed with a combination of no-
tillage (NT) and paraquat (PQ) herbicide treatments.  Vertical error bar is the 
standard error to compare treatments within a seasonal interval.   
Figure 4.  Daily soil temperature (°C) at the 15 cm soil depth and total daily rainfall (cm) for 
continuous corn grown without a living mulch (C) and corn grown in a living 
mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) during four 
seasonal intervals (Pre-planting, Vegetative, Reproductive, and Post-maturity) in 
2008 near Ames, IA.  Groundcovers were managed with a combination of no-
tillage (NT) and paraquat (PQ) herbicide treatments.  Vertical error bar is the 
standard error to compare treatments within a seasonal interval.   
Figure 5.   Daily soil water content (m
3
 m
-3
) at the 15 cm soil depth and total daily rainfall 
(cm) for continuous corn grown without a living mulch (C) and corn grown in a 
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living mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) during four 
seasonal intervals (Pre-planting, Vegetative, Reproductive, and Post-maturity) in 
2009 near Ames, IA.  Groundcovers were managed with a combination of no-
tillage (NT) and paraquat (PQ) herbicide treatments.  Vertical error bar is the 
standard error to compare treatments within a seasonal interval.   
Figure 6.  Daily soil water content (m
3
 m
-3
) at the 45 cm soil depth and total daily rainfall 
(cm) for continuous corn grown without a living mulch (C) and corn grown in a 
living mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) during four 
seasonal intervals (Pre-planting, Vegetative, Reproductive, and Post-maturity) in 
2009 near Ames, IA.  Groundcovers were managed with a combination of no-
tillage (NT) and paraquat (PQ) herbicide treatments.  Vertical error bar is the 
standard error to compare treatments within a seasonal interval.   
Figure 7.  Daily soil temperature (°C) at the 15 cm soil depth and total daily rainfall (cm) for 
continuous corn grown without a living mulch (C) and corn grown in a living 
mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) during four 
seasonal intervals (Pre-planting, Vegetative, Reproductive, and Post-maturity) in 
2009 near Ames, IA.  Groundcovers were managed with a combination of no-
tillage (NT) and paraquat (PQ) herbicide treatments.  Vertical error bar is the 
standard error to compare treatments within a seasonal interval. 
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Figure 1.  Grain yield, stover dry matter (DM), and living mulch groundcover DM in 2008 
and 2009 near Ames, IA. 
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Figure 2.  Soil water content at 15 cm in 2008 near Ames, IA.
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Figure 3.  Soil water content at 45 cm in 2008 near Ames, IA. 
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Figure 4.  Soil temperature at 15 cm in 2008 near Ames, IA. 
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Figure 5.  Soil water content at 15 cm in 2009 near Ames, IA. 
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Figure 6.  Soil water content at 45 cm in 2009 near Ames, IA. 
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Figure 7.  Soil temperature at 15 cm in 2009 near Ames, IA. 
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Table 1.  Average monthly air temperature and total monthly precipitation near Ames, IA 
in 2008 and 2009.  Data were collected approximately 2.0 km from the research site at the 
NWS COOP 8WSW station.  Thirty-year (30-yr) average is for 1971 – 2000. 
 Air Temperature  Precipitation 
Month 2008 2009 30-yr  2008 2009 30-yr 
 
___________
 °C 
___________
  
____________
 mm 
____________
 
May 15 16 16  216 102 110 
June 21 21 21  271 104 127 
July 23 21 23  234 70 113 
August 22 21 22  83 123 110 
September 18 18 18  78 24 78 
October 12 8 11  92 186 68 
        
 
  
  
9
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Table 2. Probability values for volumetric soil water content (SWC, m
3
 m
-3
) at the 15 and 45 cm soil depths, soil temperature 
(ST, °C) at the 15 cm soil depth, leaf area index (LAI), carbon dioxide exchange rate (CER), and transpiration rate (TR).  Soil 
water and soil temperature were collected during four seasonal intervals: pre-planting (PP), vegetative (VG), reproductive (RP), 
and post-maturity (PM).  Leaf area index, CER, and TR were collected at V6, V12, R1, and R3.  All data were collected in corn 
without a living mulch (C) and corn grown in a living mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) and 
managed with paraquat and no-tillage treatments near Ames, IA in 2008. 
  2008 
  ______________________________________________________________ P > F ______________________________________________________________ 
Treatment df SWC 15cm SWC 45 cm ST 15 cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
Replicate (R) 2 0.3284 0.1707 0.0915 0.5220 0.8256 0.9633 0.6793 0.4636 0.8463 0.9945 0.9974 0.9984 
Groundcover (G) 2 0.0992 0.0588 0.0688 0.0029 0.9833 0.9660 0.9401 0.8196 0.7316 0.0021 0.8279 0.9910 
R x G Error 4             
  LAI CER TR 
  V6 V12 R1 R3 V6 V12 R1 R3 V6 V12 R1 R3 
R 3 0.3931 0.2239 0.6324 0.0939 0.9628 0.5566 0.0584 0.3511 0.9988 0.7991 0.4666 0.4462 
G 2 0.0001 0.0008 0.0323 0.5699 0.2852 0.9275 0.1987 0.5178 0.9172 0.8004 0.4431 0.9016 
R x G Error 6             
  ______________________________________________________________ P > t ______________________________________________________________ 
  SWC 15cm SWC 45 cm ST 15 cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
C vs. CF  0.0916 0.0482 0.0762 0.0049 0.9983 0.9998 0.9504 0.8109 0.7119 0.0019 0.8531 0.9901 
C vs. KB  0.2659 0.3743 0.1604 0.0081 0.9916 0.9696 1.0000 0.9778 0.9424 0.7364 0.8564 0.9970 
Significant at P ≤ 0.05.            
            
            
  
1
0
0
 
Table 2. continued            
  SWC 15cm SWC 45 cm ST 15 cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
CF vs. KB  0.7027 0.3766 0.8523 0.9571 0.9825 0.9742 0.9497 0.9053 0.8871 0.7758 1.0000 0.9980 
              
  LAI CER TR 
  V6 V12 R1 R3 V6 V12 R1 R3 V6 V12 R1 R3 
C vs. CF  0.0001 0.0006 0.0593 0.5698 0.7249 0.9205 0.5876 0.7658 0.9094 0.8571 0.5909 0.8943 
C vs. KB  0.0007 0.0092 0.9462 0.8388 0.6769 0.9821 0.1720 0.8951 0.9795 0.9956 0.4527 0.9844 
CF vs. KB  0.0636 0.0490 0.0401 0.8798 0.2541 0.9765 0.6796 0.4908 0.9730 0.8106 0.9717 0.9571 
              
 
  
  
1
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Table 3. Probability values for volumetric soil water content (SWC, m
3
 m
-3
) at the 15 and 45 cm soil depths, soil temperature 
(ST, °C) at the 15 cm soil depth, leaf area index (LAI), carbon dioxide exchange rate (CER), and transpiration rate (TR).  Soil 
water and soil temperature were collected during four seasonal intervals: pre-planting (PP), vegetative (VG), reproductive (RP), 
and post-maturity (PM).  Leaf area index, CER, and TR were collected at V6, V12, R1, and R3.  All data were collected in corn 
without a living mulch (C) and corn grown in a living mulch of creeping red fescue (CF) or Kentucky bluegrass (KB) and 
managed with paraquat and no-tillage treatments near Ames, IA in 2009. 
  2009 
  ______________________________________________________________ P > F ______________________________________________________________ 
Treatment df SWC 15cm SWC 45 cm ST 15 cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
Replicate (R) 2 0.6775 0.9354 0.8377 0.8025 0.9691 0.9419 0.8422 0.8452 0.9869 0.9823 0.7403 0.9998 
Groundcover (G) 2 0.6072 0.9274 0.6282 0.7571 0.6075 0.1171 0.1371 0.1478 0.9843 0.9155 0.9762 0.9947 
R x G Error 4             
  LAI CER TR 
  V6 V12 R1 R3 V6 V12 R1 R3 V6 V12 R1 R3 
R 3 0.9400 0.8207 0.5523 0.1176 0.8867 0.8758 0.5454 0.9210 0.9708 0.5867 0.9194 0.5101 
G 2 0.0457 0.2186 0.5517 0.3026 0.9531 0.8263 0.4538 0.7102 0.9973 0.8647 0.9464 0.5622 
R x G Error 6             
  ______________________________________________________________ P > t ______________________________________________________________ 
  SWC 15cm SWC 45 cm ST 15 cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
C vs. CF  0.5816 0.9240 0.6134 0.7375 0.6810 0.1483 0.1365 0.1528 0.9962 0.9097 0.9738 0.9997 
C vs. KB  0.8530 0.9922 0.9492 0.9210 0.6359 0.1542 0.2517 0.2494 0.9951 0.9601 0.9934 0.9967 
Significant at P ≤ 0.05.            
            
            
  
1
0
2
 
Table 3. continued            
  SWC 15cm SWC 45 cm ST 15 cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
CF vs. KB  0.8669 0.9624 0.7893 0.9265 0.9959 0.9989 0.8242 0.8915 0.9827 0.9880 0.9934 0.9947 
              
  LAI CER TR 
  V6 V12 R1 R3 V6 V12 R1 R3 V6 V12 R1 R3 
C vs. CF  0.0390 0.1958 0.5355 0.2755 0.9567 0.8695 0.9774 0.8049 0.9987 0.8664 0.9673 0.6775 
C vs. KB  0.2272 0.6428 0.9308 0.6902 0.9660 0.8369 0.5910 0.7145 0.9971 0.9121 0.9464 0.5768 
CF vs. KB  0.3976 0.5711 0.7387 0.6788 0.9994 0.9980 0.4677 0.9866 0.9997 0.9942 0.9973 0.9854 
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Table 4. Treatment means for volumetric soil water content (SWC, m
3
 m
-3
) at the 15 and 45 cm soil depths, soil temperature 
(ST, °C) at the 15 cm soil depth, leaf area index (LAI), carbon dioxide exchange rate (CER, µmol m
-2
 s
-1
 ), and transpiration 
(TR, mmol m
-2
 s
-1
).  Soil water and soil temperature were collected during four seasonal intervals: pre-planting (PP), vegetative 
(VG), reproductive (RP), and post-maturity (PM).  Leaf area index, CER, and TR where collected at V6, V12, R1, and R3.  All 
data were collected in corn without a living mulch (C) and corn grown in a living mulch of creeping red fescue (CF) or 
Kentucky bluegrass (KB) and managed with paraquat and no-tillage treatments near Ames, IA in 2008 and 2009. 
  2008 
Treatment  SWC 15cm SWC 45 cm ST 15cm 
  PP VG RP PM PP VG RP PM PP VG RP PM 
C  0.3656 0.3687 0.3522 0.3473 0.3892 0.3963 0.3933 0.3840 13.2 23.8 18.3 7.6 
CF  0.3822 0.3879 0.3711 0.3696 0.3897 0.3962 0.3956 0.3899 12.7 16.8 19.9 8.3 
KB  0.3770 0.3782 0.3669 0.3681 0.3882 0.3945 0.3932 0.3859 13.0 20.1 19.8 8.0 
  2009 
C  0.3563 0.3273 0.2758 0.2995 0.3631 0.3184 0.2467 0.2599 12.6 17.4 18.9 10.3 
CF  0.3732 0.3092 0.2497 0.3184 0.3849 0.3657 0.3337 0.3451 12.5 18.4 19.1 10.4 
KB  0.3650 0.3217 0.2676 0.3091 0.3871 0.3648 0.3127 0.3284 12.6 18.1 19.0 10.0 
              
  2008 
  LAI CER TR 
  V6 V12 R1 R3 V6 V12 R1 R3 V6 V12 R1 R3 
C  1.61 2.68 2.38 1.66 45.3 38.1 35.7 25.2 8.9 6.4 6.1 3.7 
CF  0.17 1.13 1.83 1.38 43.9 39.1 33.7 26.7 8.0 6.7 5.7 3.9 
KB  0.57 1.76 2.44 1.51 48.6 38.5 31.9 24.2 8.5 6.4 5.6 3.7 
        
 
          
  
1
0
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Table 4. continued            
 2009 
  LAI CER TR 
  V6 V12 R1 R3 V6 V12 R1 R3 V6 V12 R1 R3 
C  0.71 3.69 4.42 3.44 45.4 32.4 33.1 28.4 7.7 6.4 6.5 4.3 
CF  0.38 2.95 4.02 3.01 43.5 33.4 32.8 29.5 7.6 6.8 6.7 4.6 
KB  0.52 3.35 4.29 3.23 43.7 33.5 34.7 29.8 7.5 6.7 6.8 4.7 
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Table 5. Corn transpiration (± SE), day of year growth stage interval, and transpiration rate 
during reproductive growth in 2008 and 2009 near Ames, IA for the control without a 
living mulch and corn growing with a Kentucky bluegrass living mulch managed with no-
tillage and paraquat herbicide treatments. 
 Control  Kentucky bluegrass 
 Transpiration Interval Rate  Transpiration Interval Rate 
 
______
 cm 
______
 
_____
 d 
_____
 cm d
-1
  
______
 cm 
______
 
_____
 d 
_____
 cm d
-1
 
Growth stages   2008   
1 – 2 5.9 ± 1.0 211 – 221 0.54  3.3 ± 0.4 219 – 227 0.37 
2 – 3 6.7 ± 0.5 222 – 233 0.56  4.1 ± 1.0  228 – 239 0.34 
3 – 4 5.7 ± 0.6 234 – 245 0.48  2.7 ± 0.7 240 – 247 0.34 
4 – 5 3.2 ± 0.3 246 – 254 0.36  1.9 ± 0.5 248 – 261 0.14 
5 – 6 5.5 ± 1.4 255 – 284 0.18  3.9 ± 0.3 262 – 289 0.14 
Total 27.0 ± 3.8 74 0.36  15.9 ± 3.9 71 0.22 
   2009   
1 – 2 10.3 ± 0.5 203 – 217 0.69  9.8 ± 2.2 203 – 220 0.54 
2 – 3 2.1 ± 0.3 218 – 222 0.42  2.8 ± 0.3 221 – 226 0.47 
3 – 4 3.2 ± 0.4 223 – 228 0.53  2.8 ± 0.4  227- 234 0.35 
4 – 5 3.7 ± 0.4  229 – 237 0.41  3.7 ± 0.7 235 – 245 0.34 
5 – 6 9.1 ± 1.9 238 – 267 0.30  7.5 ± 2.0 246 – 271 0.29 
Total 28.4 ± 3.5 65 0.44  26.6 ± 5.6 69 0.39 
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Table 6. Reproductive water use efficiency (RWUE) for the control without a living mulch 
and corn growing with a Kentucky bluegrass living mulch between silking (R1) and 
physiological maturity (R6) in 2008 and 2009 near Ames, IA.  Kentucky bluegrass was 
managed with no-tillage and paraquat herbicide and the weed free control was managed 
with no-tillage. 
Treatment Dry grain mass  Water use R1 to R6  RWUE 
   2008   
Control 1113 g m
-2
  27.0 cm  41 g grain/cm water 
Kentucky bluegrass 788 g m
-2
  15.9 cm  50 g grain/cm water 
      
   2009   
Control 1011 g m
-2
  28.4 cm  36 g grain/cm water 
Kentucky bluegrass 1087 g m
-2
  26.6 cm  41 g grain/cm water 
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Chapter 5: General Conclusions 
Our research found living mulches can be used as a viable agronomic management 
option to minimize detrimental environmental effects from harvesting corn stover for 
biomass.  Kentucky bluegrass exhibited the least competitive effects on grain and stover 
production compared to CF and MX.  Fall ST did not provide a consistent benefit compared 
to NT, but PQ provided greater groundcover suppression compared to RU. 
The impacts of Kentucky bluegrass and creeping red fescue on soil water were 
minimal, although both growing seasons started with a fully charged soil profile.  
Additionally, living mulches enhanced recharge after harvest and exhibited minimal plant 
stresses due to competition.  Kentucky bluegrass exhibited the least competitive effects on 
water and light compared to CF, and enhanced water use efficiency compared to a no 
groundcover control during corn reproductive growth.  Additional research under varying 
management and climatic conditions will further quantify the risk of perennial groundcover 
systems on water usage, resource competition, and will help develop the most appropriate 
management strategy for growing continuous corn in living mulch groundcovers with stover 
removal. 
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